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Population growth and continuous infrastructural development have brought a high demand for 
private automotive vehicles, which is expected to continue rising in the coming years. As a result, 
there will be a larger number of vehicles in transit and therefore the probabilities of crash collisions 
and CO2 emissions into the environment will also increase. For this reason, the technological 
development of steels for automotive applications is increasingly important. CO2 emissions can be 
reduced by improving fuel consumption lowering the weight of vehicles. Therefore, automakers 
are investing in research to develop lighter and stronger automotive components which meet the 
safety requirements, without increasing production costs.  
Complex phase (CP) steels have been introduced as candidates to improve steel properties 
through thermomechanical controlled processing (TMP). This thesis focuses on investigating 
different TMP schedules in a CP steel composition to evaluate the microstructure evolution and 
mechanical properties. The potential of the alloying elements has been assessed to develop a 
stronger steel grade through TMP. The effect of deformation parameters and cooling conditions 
on the final product was also considered in the analysis.     
Small specimens of CP steel underwent to four-pass TMP routes, simulating deformations 
conditions during finishing rolling. This was done in a TMP machine under the module of plane 
strain compression.  The TMP routes were designed by defining the critical processing parameters 
such as transformation temperatures and recrystallization-stop temperature. The TMP explores the 
influence of the conditioning of the austenite during the finishing rolling and the subsequent 
development of the microstructure in the run-out table. An extensive characterization was done for 
the as-received material and the post-processed specimens.  
The deformation parameters and the cooling strategies led to the development of 
microstructures corresponding to certain mechanical properties and volume fraction of phases. The 
higher tensile strength and higher amount of bainite were achieved in the specimen deformed at 
lower last-pass temperature but higher holding temperature during the step cooling. This generated 
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high dislocation density with deformation bands and therefore high Sv to facilitate transformation 
products. 
The heavily deformed and non-recrystallized austenite structure is ideal to create fine-grained 
products which increase the tensile strength. This is also favourable to start ferrite transformation 
in a relatively short time. Alloying elements play a key role in the microstructure development 
through TMP, e.g. Nb addition delays austenite recrystallization, retaining a high Sv. 
Most of the TMP schedules designed in this work developed the mechanical properties and 









Today, the production of cars is rapidly growing. Therefore, the number of vehicles transiting 
on the roads is increasing along with the possibility of automobiles crashes. At the same time, the 
worldwide concern of the carbon dioxide (CO2) emissions from vehicles enhance due to the high 
impact on global warming. The transport sector is responsible for almost 16% of the total carbon 
dioxide emissions into the environment [1, 2].  
One way that has recently been proposed to tackle this problem without affecting the production 
of vehicles is to improve the performance of new cars and trucks by reducing their weight to reduce 
fuel consumption, and in consequence, the CO2 emissions. This would also produce an economic 
advantage for the consumer [3, 4]. For this reason, technological development in the automotive 
industry is of high importance. There are several approaches to achieve this goal without 
significantly increasing the processing cost. For instance, stronger steels for crash impact can be 
produced, allowing to reduce the thickness of the components to produce a lighter structure that 
does not expose the safety of the passengers [5].  
The need to increase passenger safety, as well as vehicle fuel efficiency, are a constant cause 
of debate for material selection, mainly between steel and other metals of lower density. Steel is 
the main material in the body car structure due to its accessible costs and its capacity to absorb 
energy in a crash impact and its ability to become stronger when it is deformed. Other advantages 
of steel components include the capacity of being easily recycled, affordable repairs and long 
durability. 
On average, the total mass of a typical passenger car is 1,260 kg where approximately 71% 
consists of steel. The mass of the body structure and components for high strength and energy 
absorption is around 360 kg. AHSS can lead to mass savings in the components of the body 
structure up to 39% by replacing conventional steels without adding too much cost. This 
corresponds to 9% of the total vehicle weight. The mass savings achieved due to the use of AHSS 
has resulted in the lifetime savings from 3 to 4.5 tonnes of greenhouse gasses per vehicle and an 
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increase in fuel efficiency in the range of 2% to 8%. These savings in emissions can be more than 
the total amount of CO2 emitted during the production of all the steel in the vehicle [6, 7]. 
Advanced High Strength steels (AHSS) have been introduced in the automotive industry due 
to their particularly good combination of strength and ductility. AHSS are characterized by their 
microstructures and metallurgical properties that meet the requirements of the automotive industry. 
One distinct benefit of using AHSS in vehicle components is to improve the impact resistance 
without increasing the weight of the vehicle [8].  
Complex Phase Steels (CP) are a subcategory of the first generation of AHSS. CP steels are 
characterized by their refined microstructure, which consists of a combination of ferrite, bainite 
and martensite, but also in certain conditions, retained austenite and/or pearlite may be present in 
relatively small amounts [9]. CP steels are generally produced by controlling the 
thermomechanical processing (TMP) from the reheating of the slab to the coiling on hot rolled 
products [10]. The TMP applied to the steel will define the volume fraction of phases and hence 
the mechanical properties. 
Deformation during TMP has two main purposes: to reduce the thickness of the steel plate to 
give the desired shape and to refine the microstructure by recrystallization to increase the strength 
of the steel eliminating the as-cast structure. TMP can also alter the nucleation sites for phase 
transformation by strain accumulation. This would depend on the TMP parameters during 
deformation such as deformation temperature, strain, strain rates and interpass time.   
Critical processing temperatures, i.e. recrystallization-stop temperature or T5%, and phase 
transformation temperatures, A1 and A3, need to be well defined to design a successful TMP route. 
Controlled rolling during the finishing passes should take place at temperatures in between T5%, to 
avoid recrystallization of the austenite, and Ar3 to avoid deformation of the ferrite. 
All parameters used during thermomechanical processing (TMC) have a direct influence on the 
final mechanical properties of the material. In this thesis, the critical processing temperatures of 
the material with a composition related to a CP steel have been established by different methods. 
These temperatures were used to design and perform different TMP routes, which leads to develop 
a balance in the microstructure and the mechanical properties characteristic of a CP steel. CP steel 
specimens after the TMP routes were subjected to an extensive characterisation, including but not 
limited to quantitative metallography by optical and electron microscopy, electron backscattered 
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diffraction, and tensile tests. Microstructure evolution through TMP, mechanical properties and 
volume fraction of phases were also evaluated. 
Phase transformation temperatures were measured by dilatometry experiments which detect the 
length change of the samples during specified heat treatment. The phase transformation from 
ferrite (α) to austenite (γ) or vice versa has a significant change in length due to re-arrangement of 
atoms. JMatPro® simulation software was also used to compare the continuous cooling 
transformation (CCT) diagram with the experimental dilatometry results for Ar1 and Ar3. Flow 
stress from double hit deformations under plane strain compression (PSC) conditions were useful 
to calculate the softening parameter when the material is deformed twice at the same temperature. 
This softening parameter has been correlated to the recrystallization-stop temperature (~20% 
softening) and the full recrystallization temperature (~60% softening).  
 
2.1. Statement of Objectives 
 
Research on the TMP of AHSS in a laboratory environment becomes essential as an important 
stage before industrial rolling production. Laboratory-level replication of hot rolling enables the 
optimal design of TMP conditions through precise control of temperature, strain, strain rate, heat 
treatment, and cooling parameters at relatively low cost. 
This thesis evaluated different TMP routes designed for CP steel by laboratory simulations to 
later be implemented on an industrial scale in the hot rolling mill located in the facilities of the 
company Ternium-Mexico in Monterrey city. 
The general objective of this work is: 
1.- To develop and suggest modifications to the TMP schedule of steel with a CP800 chemical 
composition. This aims to develop a microstructure which leads to improve the final mechanical 
properties. 
This chemical composition has the potential to increase the metallurgical properties through 
TMP due to the additions of microalloying elements such as Nb and Ti. These additions have a 
direct impact on the recrystallization process and promote the formation of hard precipitates. The 
steel used in this research has less carbon content than common composition of CP steels. 
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The proposed methodology to achieve this objective can be summarized as: 
• The characterisation of the critical processing temperatures associated with a CP steel 
composition. This includes the determination of transformation temperatures, 
recrystallization-stop (T5%) temperature and the critical cooling rate. 
• To evaluate the microstructure evolution during finishing rolling and the subsequent 
transformed products with different cooling strategies.  









3.1. Advanced High Strength Steels (AHSS) 
 
Steels can be classified into two main groups according to their mechanical properties such as 
tensile strength and elongation as shown in Figure 3.1. The difference between these two families 
of steels that make one stronger than the other is the microstructure. The conventional steels group 
includes interstitial free steels, or mild steels, which have a low tensile strength (maximum 600 
MPa) but high elongation, around 50 or 60%. The category of Advanced High Strength steels 
(AHSS) has a very good combination of strength and ductility. AHSS family are characterized by 
having at least 300 MPa of yield strength, and a minimum of 600 MPa on the ultimate tensile 
strength (UTS) [11].  
 
 
Figure 3.1 Global Formability Diagram for AHSS Grades [10] 
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Over time, AHSS have been catalogued in different generations. The first generation of AHSS 
aimed to increase the strength but preventing reduction in ductility, this generation includes the 
high strength low alloy steels (HSLA), transformation induced plasticity (TRIP), dual phase steels 
(DP) and complex phase steels (CP). The second generation of AHSS are steels with a higher 
amount of alloying elements. Thus, they can easily increase both strength and ductility. The 
disadvantage of this generation of steels is their high cost, making them not affordable for some 
applications.  Some examples of this generation are the twinning induce plasticity (TWIP) steels 
and the austenitic stainless steels. The third generation is the latest development of AHSS, their 
characteristic is higher strength and ductility compared to the first generation, but at a lower cost 
of production than the second generation. The approach to achieve this is through the combination 
of alloying elements with a fine microstructure. These steels had complex microstructure with a 
variety of constituents, present a narrow range of chemical compositions, and are produced 
throughout a thermomechanical controlled process [12].  
AHSS were introduced some years ago in the automotive industry [13, 14] gaining attention 
due to their better mechanical properties compared with conventional steels. The benefit of using 
AHSS in components of a vehicle is to improve the impact resistance without increasing the mass 






Figure 3.2 Future steel vehicle material usage [15] 
 
The main properties to evaluate in AHSS are the microstructural constituents, strength, strain 
hardening, formability and fracture resistance. Figure 3.3 shows the mechanical properties 
requirement depending on the AHSS component in the body car structure. Steels that are used for 
critical parts on the automobile need high strength resistance to maintain a passenger survival 
space in case of an accident. All AHSS are produced by controlling the chemical composition, the 
heating and cooling processes, which lead to their final microstructure [9, 10].  
Studies have been conducted on various steel compositions and methodologies which focus on 
the potential of developing a high strength/ductility ratio. Speer et al. [16] used the Q&P method 
which consists of quenching the full austenite microstructure to the desired temperature between 
Ms and Mf to control to martensite volume fraction. The steel is held at that temperature to allow 
carbon diffusion and enrichment of the remaining solute in the austenite to increase austenite 
stability. This results in higher austenite fractions, i.e. higher ductility, at room temperature due to 
its crystal structure. They suggest the Q&P methodology may be a viable process to generate better 
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steel grades. The key is to define the balance of two phases, martensite provides resistance while 
the ductility is given by the austenite. 
Wakita et al. [17] studied a low carbon but high Mn steel composition, with the aim to stabilize 
austenite at low temperatures. They have managed to increase mechanical properties through 
TMP. Their work shows that high strain passes on austenite led to fine-grained ferrite and a 
considerable amount of retained austenite. They stated that ultrafine-grained ferrite, adjusting the 
Mn content in the composition and control of TMP succeed to produce tensile strength of 1080 
MPa and 26.9% of total elongation. However, the microstructure consisted of only two 
microconstituents avoiding bainite formation. It has been reported that the combination of bainite 
and martensite can be more resistant than pure single phase microstructure and a considerable 
amount of bainite can increase the yield strength of the steel [18-20]. Hence, it has been considered 
to develop the complex phase steels microstructures. 
 
 
Figure 3.3 Stress vs elongation diagram for different steel types and their applications on body 




3.1.1. Complex Phase (CP) steels 
 
Complex phase (CP) steels are within the category of the AHSS family and are commonly used to 
produce automotive components due to their superior relation of formability and strength. 
Nowadays, around 10% of the total body car structure is made of CP steels. This includes the parts 
of the safety cage, B-pillars reinforcements, bumper beams, rocker panels, chassis components or 
other parts where high energy absorption is required [9, 21, 22]. Complex phase microstructure is 
generally achieved by a special thermomechanical process for a designated chemical composition. 
The characteristic microstructure of this type of steels consists of a combination of ferrite, bainite 
and martensite but also, in certain conditions, retained austenite and/or pearlite may be present in 
relatively small amounts. A schematic microstructure of a CP steel is shown in Figure 3.4. The 
volume fraction of these phases will depend on the cooling strategies from austenite in the run-
out-table after finishing rolling for hot rolled products. The matrix of a CP steel is commonly 
composed of soft ferrite and bainite. The ferrite is the soft phase giving the ductility to the steel, 
while bainite and martensite are hard phases, which provides strength to the steel. In addition, 
alloying elements such as Niobium, Titanium and Vanadium are added to the CP steels to create 
precipitates. Fine precipitates prevent the movement of austenite grain boundaries during TMP, 
which effectively retard the recrystallization process [23-25]. This would increase the steel 
strength due to the strain accumulation and work-hardened structure. The effect of each of these 





Figure 3.4 a) Schematic CP steel microstructure [15] b) Microstructure of a CP steel with a 
bainite/martensite matrix [25]  
 
The grade designation nomenclature of complex phase steels is based on mechanical properties, 
specifically on ultimate tensile strength (UTS), all units are stated in the International System of 
Units (SI), i.e., megapascal (MPa). In some cases, a second number is shown after a forward slash 
(/), where the first number represents the minimum yield strength value and the second number is 
the UTS value [26]. CP steels can achieve tensile strength levels from 590 MPa to 1000 MPa, and 
elongations between 15 and 30%. Figure 3.5 shows various engineering stress vs engineering strain 
curves corresponding to different grades of CP steels and how their mechanical properties can be 





Figure 3.5 Engineering flow stress curves for different CP steel grades and a conventional steel 
[24] 
 
The CP steels are similar to DP, but normally CP contains elements such as Nb, Ti and V for 
grain refinement through the formation of precipitates that do not allow the grain coarsening by 
limiting the movement of grain boundaries. This enables better control of the recrystallization prior 
to phase transformation. CP microstructure in steels offers some advantageous features over DP 
steels, for example, higher yield strength to tensile strength ratio; higher work hardening capability 
at low strain; better roll-forming, bending and hole-expansion behaviour for high strength level, 
indicating an exceptional stretch flangeability; higher energy absorption capability and fatigue 
strength; better spot weldability [11]. 
CP steels can also be comparable to TRIP steels in chemical composition, but the volume 
fraction of remaining austenite is quite less for CP. CP microstructure has fine precipitates which 
enable precipitation hardening resulting in very high strength [27].   
There are different ways to get the CP microstructure through TMP. One is by austenitisation 
to the intercritical region temperature between A1 and A3. This temperature is set depending on 
the ferrite fraction desired and it is followed by slow cooling to room temperature at a controlled 
rate depending on the volume fraction of phases required. 
The TMP for a CP mostly used in the industry is to reheat the steel above the A3 temperature, 
thus reaching on fully austenite phase. Afterwards, steel is deformed in the austenite phase and 
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rapidly cooled to reach the ferrite or bainite window in the CCT diagram. Then, it is held at that 
temperature to transform the required amount of ferrite/bainite. Bainite and martensite are essential 
for the CP microstructure so that, after the holding period, the steel should carry out another fast 
cooling to transform the remaining austenite [28]. The key point is to ensure that the desired 
amount of bainite can be transformed in the period when the steel sheet is on the run-out table.  
The continuous cooling transformation (CCT) diagrams are used to denote which phase 
transformation will occur in steel depending on the cooling rate from the austenite phase. CCT 
diagrams are derived from the Time Temperature Transformation (TTT) diagrams. There is a 
specific CCT diagram for each steel based on the chemical composition, grain size and 
austenitisation temperature.  
As mentioned before, CP steels are classified by the mechanical properties UTS and elongation, 
and therefore, there is no specific chemical composition for each grade of CP. This means that 
different chemical compositions can be transformed into CP steel by controlling the thermal 
processing. However, for commercial CP steels, there is a chemical requirement according to the 
CP grade designation standard [26]. Table 3.1 shows the maximum content in weight per cent of 
the different chemical elements for commercial CP steels. 
 
Table 3.1 Maximum amount (wt%) of chemical elements in commercial CP steels [26] 
Steel 
grade 
C Mn + Al + Si P S Cu Ni Cr + Mo V + Nb + Ti 
CP600 0.18 5.30 0.80 0.015 0.20 0.50 1.00 0.35 
CP800 0.18 5.50 0.80 0.015 0.20 0.50 1.00 0.35 
CP980 0.25 5.20 0.80 0.015 0.20 0.50 1.00 0.35 
 
 
One of the functions of adding alloying elements to the steel is the alteration of the thermodynamic 
phase diagram. The desired microstructure can be produced easier by changing the phase 
transformation temperature or phase transformation kinetics. Carbon (C) is an essential element in 
steels, it increases the stability of austenite and is indispensable for the formation of carbides to 
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enable precipitation hardening. The addition of Mn to CP steels, in range of 1.5wt%, retards the 
pearlite and bainite transformations and therefore, the martensite transformation does not need 
very high cooling rates. Silicon is a ferrite former, but high Si content is not favourable because it 
might produce oxides in the slab surface during hot rolling. P, Cr and Al are ferrite formers, these 
elements raise Ar3 temperature, but the phase transformation kinetics is slower due to the reduced 
diffusivity of C in austenite. Ni and Cu play as austenite stabilizers and maintain a balance by 
lowering Ar3.  Molybdenum (Mo) delays ferrite transformation, resulting in limited ferrite volume 
fraction on the run-out table after the hot rolling process [29]. The main alloying elements in CP 
steels include Nb, Ti and V. Those elements have been reported to have a pronounced effect on 
the grain refinement, and a retardation of the recrystallization process [29-32]. Nb is likely to form 
fine and stable dispersed carbides, which prevent dislocation movement, promoting precipitation 
hardening. V is often used to reduce austenite grain growth, resulting in a fine microstructure to 
increase the strength. The advantage of Ti, like V, is the formation of nitrides and carbides to 
inhibit grain growth, but Ti also reinforces corrosion resistance in different environments. TiN 
precipitates are thermodynamically stable at temperatures as high as 1300°C, and therefore they 
are very effective for high temperature control and preventing austenite grain from coarsening. 
The addition of microalloying elements influences the recrystallization-stop temperature (T5%). 
Increasing microalloying elements shows an increase in the T5% temperature. This is because a 
larger solute supersaturation is generated, increasing the driving force for precipitation that may 
form a larger volume fraction of second phase particles which effectively retard the austenite 
recrystallization, increasing the T5%. Each of the microalloying elements has a different effect on 
the formation of precipitates. Nb has the greatest effect in altering T5%, as shown in Figure 3.6 





Figure 3.6 The increase in T5% temperature with an increase in the level of microalloying solutes 
in a 0.07C, 1.40Mn, 0.25Si steel [33] 
 
The mechanical property requirement for CP steel grades specified by the ASTM standard is 
shown in Table 3.2. 
 








CP600 350 600 16 
CP800 500 800 10 





3.1.2. Challenge of CP steels today 
 
Vehicles today are predominantly steel structures. Since CP steels have proven to be excellent 
materials for various components in a body car, the steel industry has decided to invest in their 
development to improve the performance in crashworthiness, overall cost and fuel consumption. 
Automakers are looking for materials with higher strength/weight ratio to reduce CO2 emissions 
and to enable safe and environmentally friendly vehicles. The challenge of CP steels is to expand 
the microstructure and mechanical properties corresponding to the third generation of AHSS, 
maintaining or reducing the quantities of alloying elements added to CP steel production to keep 
market prices.  
According to the centre for automotive research [34], the body-in-white of a vehicle consists of 
75% of different steel grades, where 15% of it is made of advanced and ultra-high strength steels. 
The study estimates that an optimized vehicle in 2040 would contain between 30 to 35% of AHSS 
and UHSS of the body car. This leads to exhaustive research and development of the AHSS and 
more specific the CP steels to increase their strength/ductility ratio, meet the standard and safety 
specifications foreseen in the future.  
The challenge focuses on developing the optimal TMP route to make the most of the alloying 
elements on the mechanical performance of these steels. The crucial stage in concept is the 
influence of the processing parameters on the homogeneity of microstructure through the strip 
during TMP. But also, the design of a realistic and successful cooling strategy for the proper 
microstructure evolution on the runout table [35]. The possibility to achieve thinner thickness 
sheets as hot rolled product and thus, minimize the further processing in cold rolling mills has also 
been considered. 
 
3.2. Thermomechanical Processing (TMP) 
 
Controlled thermomechanical processing (TMP) is a technique designed to improve the 
mechanical properties of materials by controlling the deformation and thermal processes, from the 
reheating of the material to quenching [36]. TMP expands the benefits of the alloying elements in 
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the steel [31], improving the microstructural features, thus allowing the production of automotive 
AHSS components which meet the requirements imposed by the modern mechanical and structural 
engineering. Controlled TMP can increase the mechanical properties not only in steels but also in 
various non-ferrous alloys.  
The conditioning of austenite after deformation, the restoration mechanisms, the formation of 
precipitates and the phase transformation during cooling are some of the metallurgical and 
mechanical processes that take place and are critical to control during the TMP. 
TMP during hot rolling implies control of different parameters such as temperatures, strain rate, 
rolling reductions and cooling rates, which must be carefully selected to produce the target 
austenite microstructure for the phase transformations [37]. TMP is an essential tool for the 
development of multiphase steels. TMP should be designed to ensure a controlled type and extent 
of transformation on the run-out table by precise control of strip temperature and rolling speeds. 
TMP means the control of all processing parameters for beneficial product development. This 
includes from the reheating temperature, the deformation schedule and the cooling rate to achieve 
a defined phase distribution and fine microstructures. The purpose of applying a deformation 
schedule is to obtain an optimum austenite grain refinement. Therefore, the area of austenite grain 
boundaries per unit volume increases to encourage the onset of phase transformations. 
TMP consists of two sequential stages: controlled hot rolling and a subsequent accelerated 
cooling [38]. The general process of TMP hot rolling (Figure 3.7) starts with slabs, which normally 
come from continuous casting. These slabs are reheated in a gas furnace to a temperature that the 
microalloying elements are dissolved, typically between 1200-1300°C. This also reduces the loads 
required to deform the slab on the rolling mill. As a result of high temperature, iron oxides form 
on the slab surface. The next step is to remove the oxide layer in a scale breaker to start the rough 
rolling deformation, which may be in either reversing or a tandem mill. During this stage, the 
austenite grain is refined multiple times by recrystallization. Later, the temperature decreases, and 
plates are processed in the finishing rolling, commonly in a tandem mill, where dimensions such 
as thickness and width are strictly controlled. In this step, microalloying elements form 
precipitates, which effectively retards recovery and recrystallization, and the austenite is deformed 
below the recrystallization-stop temperature (T5%) and the grain shape become pancake-like. 
Finally, the steel is controlled cooled to carry out the phase transformation. The important variables 
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to control during TMP are austenite grain size, deformation temperature, strain, strain rate, and 
cooling rates [39]. 
 
 
Figure 3.7 Hot Rolling processing of steel slabs [40] 
 
Every parameter during TMP, i.e. austenitisation temperature, isothermal holding temperature and 
time, cooling rates but also microalloying elements have a significant influence in the 
transformation products and volume fractions which control the final microstructure and thus the 
mechanical properties of the steel.  
The controlled TMP can generate favourable microstructures for CP steels, deformation-
induced ferrite transformation could take place by varying the processing route working at high 
temperatures when ferrite is not stable. This results in finer grain size with better final mechanical 
properties [41]. 
The initial microstructure of the steel before being subjected to the controlled TMP also 
influences on the final mechanical properties. According to Schemmann et al. [42] and Zuo et 
al.[43], an initial microstructure consisted of a combination of bainite and martensite may have 
better final properties than the mixed initial microstructure of pearlite and ferrite following the 
same TMP route. This is attributed to the microsegregation of the substitutional elements in each 
of the phases, which changes the austenitisation temperature, and delays the austenite to ferrite 
phase transformation. Consequently, the steel with an initial microstructure of bainite and 
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martensite is more resistant than the pearlite and ferrite as it transforms a greater amount of 
martensite. 
 
3.2.1. Prior Austenite Grain 
 
One of the factors influencing the mechanical properties of steels is the grain size. The finer the 
grain size, the higher yield strength of the steel [44-46]. This is due to the higher number of grain 
boundaries per area which obstruct dislocations displacement [47]. The grain size can be controlled 
by the different heat treatments as well as TMP. The austenitic grain size before deformation 
depends on the reheating temperature and the holding time at that temperature [48-50]. These 
parameters together with the slab deformation can lead to the recrystallization process that refines 
the austenite grain size [51] but also minimizes the microstructure heterogeneity throughout the 
slab thickness [52]. 
The advantage of TMP in the industry is to refine the grain size with the intention of getting 
high yield strength and high ductility in steels through a cost effective way. This is achieved by 
controlling the austenite grain size during slab reheating. 
The temperature of the strip before cooling from austenite phase has an influence on the final 
grain size of ferrite. A fine ferrite grain can be produced at high undercooling of austenite since a 
great number of nucleation sites are develop due to the high temperature gradient during cooling 
[53]. 
The final grain size depends on the static and dynamic recrystallization, which in turn depends 
on the initial microstructure, chemical composition and deformation conditions like temperature, 
strain and strain rate. A parameter “Sv” has been used to quantify the total effective interfacial area 
for nucleation per unit volume in the deformed austenite [54]. Generally, the ferrite grain size 
depends inversely on the number of nucleation sites, which include both austenite grain boundaries 
and intragranular defects, such as twinning and deformation bands [55]. Sv has units of mm
-1 or 
equivalently area (mm2) per unit volume (mm3). Therefore, achieving a large Sv in the austenite 
microstructure prior transformation is the goal for controlled TMP rolling.  
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The strength of a 0.20 C (wt %) steel can be doubled with only a slight reduction in the tensile 
ductility by simply reducing the grain size to 3–5 microns. This can be achieved by proper control 
of the austenitizing temperature, i. e., the initial deformation temperature [56]. 
 
3.2.2. Deformation: strain, temperature and strain rate 
 
Deformation serves for different purposes during the controlled TMP. The most important reason 
is to reduce the thickness of the steel plate and give it the desired shape. Secondly, during rough 
rolling, both, deformation and high temperature lead to refine the microstructure by 
recrystallization to improve the mechanical properties, rough rolling is also useful to close all 
defects coming from casting, such as pores. Lastly, at the tandem mill stage, deformation is used 
to produce the desired final thickness, this would also increase the stored energy and generate more 
nucleation sites to simplify subsequent phase transformations. During this stage, the dislocation 
density increases, thus, the strength of the strip too [57].  
 The typical processing parameters in TMP hot rolling of steels are, for rough rolling, the 
temperature range is between 950°C and 1200°C, the strain per pass is 0.30-0.60 at strain rates of 
5 to 30 s-1. The finishing rolling normally takes place at temperatures between 700°C and 950°C, 
with strain per pass from 0.30 to 0.01 at strain rates of 30 to 300 s-1.   
There are some critical temperatures during the controlled TMP which need to be well defined 
to design a successful route. After a deformation pass, depending on the processing parameters 
and chemical composition, the steel might stop recrystallizing below a certain temperature. This 
temperature is known as the non-recrystallization temperature (T5%). During deformation passes 
below T5%, the recrystallization is delayed or omitted because of the preference of formation of 
precipitates or second phase particles. More than 5% of the deformed austenite is recrystallized if 
deformation occurs at temperatures above T5%. On the other hand, the minimum deformation 
temperature required for the complete recrystallization of austenite structure after a deformation 
pass is called the full-recrystallization temperature (T95%) [58].  
Most of the mechanical energy in a metal that has been plastically deformed is dissipated as 
heat, and only a very small amount (1 to 10%) is stored mainly in the form of dislocations [59, 
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60]. Dislocations and high grain boundary area increase the free energy of the steel and have the 
influence to keep a large Sv parameter. 
The deformation on hot rolling plates can be classified into three stages depending on the 
temperature it takes place [61]. Figure 3.8 shows the representative microstructure for each of the 
stages. 
1.- The deformation at recrystallization temperature range (above T95%). The austenite grain is 
refined several times by static recrystallization between each rolling pass reduction. After heavy 
deformations following recrystallization, the austenite grain size become smaller, until a limit is 
reached.   
2.- The deformation at the un-recrystallized temperature range. When deformation takes place 
below recrystallization temperature (T5%), the γ grains are elongated in the rolling direction 
resulting in a “pancake” austenite grain shape. Deformation bands are formed in the rolling 
direction. Austenite remains un-recrystallized, so that the deformation is considered “cold 
worked”, and strain is accumulated through all rolling passes. The high dislocation density in the 
grain boundaries is produced when austenite undergoes heavy deformation below T5%. These 
lattice defects increase the strength of the material, and the process is called work hardening. These 
sites increase the nucleation rate for acicular ferrite. If a critical strain is exceeded during one pass 
deformation, the strain can induce dynamic recrystallization [29]. In this region, during cooling, 
ferrite nucleates on the deformation bands and austenite grain boundaries [62]. 
3.- The deformation in the (α+γ) two-phase region. The ferrite is work-hardened, and 
substructures are formed in ferrite. During cooling, the deformed austenite is transformed into 





Figure 3.8 Three stages of the controlled rolling process and the change in microstructure [63] 
 
Finishing rolling passes should take place at temperatures outside the range between T5% and T95% 
to have a homogeneous microstructure [62]. 
The flow stress in hot deformation is a function of some deformation parameters such as 
temperature and strain rate and can be incorporated into the Zener-Hollomon parameter (Z), which 
effectively is a temperature compensated strain rate. Dynamic restoration mechanisms are altered 
by Z. Deformation-induced grain refinement is enhanced at higher Z. Z is expressed by Eq.1 : 
 
 𝑍 =  𝜀̇ 𝑒𝑥𝑝
−𝑄
𝑅𝑇
 (1)  
 
where 𝜺 ̇ is the strain rate (s-1), Q is the activation energy for deformation in joules per mole, R is 
the gas constant in joules per mole and T is the absolute temperature [64-66].   
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According to Cabibbo et al. [67], the deformation in non-recrystallization temperature increases 
the impact toughness compared with the deformation at fully recrystallization temperature. 
 
3.2.3. Controlled cooling 
 
The key challenge in the fabrication of CP microstructure is to design a good cooling strategy [68]. 
Continuous Cooling Transformation (CCT) diagrams are useful tools to know the changes in 
microstructure that can be obtained through different cooling rates. CCT diagrams define the 
stability of phases, and normally indicate the time and temperature of start and finish phase 
transformation from austenite to ferrite, pearlite, bainite or martensite. A characteristic of the CCT 
diagram is that it forms a curve commonly known as a “nose”, which typically indicates the start 
of the phase transformation to bainite or ferrite, the tip of the nose is an important point in the CCT 
as this indicates the minimum cooling rate to transform to a full martensite microstructure and this 
cooling rate is commonly referred as the critical cooling rate. A representative CCT diagram is 





Figure 3.9 CCT diagram indicating the ranges of cooling rates for producing different 
microstructures. M = martensite; B = bainite; F = ferrite; P = pearlite [10] 
 
When steel is cooled faster than its critical cooling rate, martensite transformation occurs. The 
steel plate should be rapidly cooled in a relatively short time. The cooling strategy is designed 
depending on the dimensions and capacity of the run-out table after finishing rolling. It is 
appropriate to have a homogeneous cooling on the plate to avoid differences in microstructure 
throughout the steel plate. The common practice is to cool from the top and bottom sides of the 
plate [69]. 
Another factor influencing the mechanical properties of CP steels is the volumetric fraction of 
the phases. Higher content of martensite (hard phase) increases the tensile strength, while a high-
volume fraction of ferrite (soft phase) results in greater elongation [70]. Bainite in CP steels 
provides a good balance in toughness and ductility. Bainite can also develop greater overall yield 
stress due to the higher dislocation density [71]. This microstructure should be accompanied by 
grain refinement to strengthen the steel. A low quantity of interstitial elements in ferrite should not 




3.3. Restoration mechanisms on microstructural evolution 
 
 
The stored energy due to the accumulated dislocations and grain boundaries during hot 
deformation can be lowered by different processes [73]. The principal mechanisms of restoration 
on a hot worked metal are the recovery, recrystallization and grain growth. Figure 3.10 shows a 
diagram of the restoration mechanism process from the deformed metal. When austenite is 
deformed, recovery is the first softening mechanism to appear. Basically, recovery is a 
rearrangement of dislocations that make the flow stress to drop. Classical recrystallization needs 
higher specific strain levels and holding time at high temperature to take place. Recrystallization 
is the principal mechanism of restoration that affects the flow stress. Recrystallization is the 
formation of “new” grains in the structure. Grain growth mechanism starts after the 
recrystallization finish. This mechanism is characterized by the movement of grain boundaries, 
resulting in a reduction of grain boundary area per volume unit or a smaller Sv. These 3 




Figure 3.10 Schematic diagram of the restoration mechanism from deformed metal. a) Deformed 
state, b) Recovered, c) Partially recrystallized, d) Fully recrystallized, e) Grain growth and f) 
Abnormal grain growth [60] 
 
Recovery and recrystallization can take place during and after deformation. If a restoration 
mechanism occurs while the load is still being applied to the metal, it is called dynamic. Static 
recovery or static recrystallization refers to when the process was carried out after the deformation. 
If the recrystallization immediately following after deformation is preceded by dynamic 
recrystallization, it is called metadynamic [77]. Static restoration processes normally take place at 
elevated temperatures after hot deformation before transformation or during interpass time on the 
TMP. The stacking fault energy (SFE) of the metal is an important parameter to determine the 
kinetics of dislocations movements which determines the extent of the restoration mechanisms. 
The austenite phase with an FCC crystal structure will have a lower SFE than BCC ferrite phase. 
This means that dislocations climb and cross-slip in austenite are limited and the recovery process 
is less favourable than in ferrite.   
There is plenty of literature on the explanation of restoration mechanisms during TMP of 
metals, even several works have modelled the conditions of these processes in different materials 
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and compositions [11, 46, 66, 73-76, 78-88]. The basic concepts and main characteristics of each 




Recovery, dynamic and static, is a process characterised by the reduction of internal energy 
through the rearrangement of dislocations into low energy configurations in the deformed material. 
Figure 3.11 shows the stages of the microstructure evolution during the recovery process where 
the plastically deformed metal forms cells due to the dislocation rearrangement and then, subgrains 
are formed and grow because of the annihilation of dislocations. Since recovery reduces the 
dislocation density, the strength of the metal decreases, but the ductility improves [46]. Although 
this effect is more drastically observed during the recrystallization process [89]. 
 
 
Figure 3.11 Stages of microstructure evolution during the recovery process [60] 
 
Dynamic recovery could occur to balance continuous work hardening and the accommodation of 
dislocations leading to a steady state on the macroscopic flow stress. Figure 3.12 shows a 
representative flow stress curve when the dynamic recovery started during the deformation and is 
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the only softening process after the work hardening. The constant flow stress after reaching a 
particular strain level indicates the stabilization of dislocation substructures. 
 
 
Figure 3.12 The characteristics of flow stress and microstructural changes when dynamic 




Recrystallization is a restoration process that changes the grain structure of a metal, which is 
produced by the combination of high temperature and deformation. Recrystallization is 
characterised by the formation of new smaller grains with low dislocation density and is used to 
decrease the stored energy in a previously deformed material. The nucleation sites for the new 
grains are mainly in the grain boundaries of the previous grains. This mechanism process is shown 
in Figure 3.13.  Recrystallization usually reduces the strength and hardness of the material but at 





Figure 3.13 A schematic diagram of the recrystallization process. Dotted lines represent 
previous grain boundaries and the solid lines are the new recrystallized grains [60] 
 
Dynamic recrystallization is commonly observed in metals and alloys with low SFE. This is 
attributed to the difficulty of dislocations to cross-slip and climb. Hence, the recrystallization is 
favoured rather than recovery in metals with low SFE. The flow stress behaviour of austenite 
during hot deformation is influenced by this mechanism. Dynamic recrystallization is promoted 
by low Z, i.e. low strain rate and high temperature. The initial work hardening and slow dynamic 
recovery lead to dynamic recrystallization. One of the main characteristics to detect when dynamic 
recrystallization starts, is that the flow stress reaches a peak at a critical strain and the strain 
hardening decreases. There is a subsequent drop in flow stress after the peak corresponding to the 
softening process of grain boundary migration due to dynamic recrystallization. This stress drop 
in the stress-strain curve is more noticeable than that caused by dynamic recovery. Figure 3.14 
shows the typical flow stress curves behaviour for work hardening, dynamic recovery and dynamic 
recrystallization. In part b) of the same figure, the characteristic microstructure evolution through 






Figure 3.14 Schematic diagrams of flow stress a) due to different metallurgical phenomena. b) 
Microstructure evolution through deformation depending on the processing parameters [33, 91] 
 
Unlike dynamic recrystallization, the static recrystallization is carried out during holding time at 
high temperature after the deformation. From a practical point of view in hot processing, this time 
can be represented by the time between each deformation pass. There are different processing 
parameters influencing the static recrystallization conditions to take place. These parameters 
include the deformation temperature, strain and strain rate of deformation pass, the holding time 
at temperature after deformation, and the chemical composition due to the interaction with 
competing process such as precipitation. The effect of these parameters on the recrystallization 
will be discussed later in Section 6.2.1. 
The recrystallization is a thermally activated process and the kinetics depend also on the 
processing parameters but generally needs an incubation period to nucleate subgrains with high-
angle boundaries, then, a rapid growth of the new grains due to the high mobility of the high-angle 
boundaries. Later, the rate of recrystallization decreases toward completion as a concurrent 
recovery of the matrix occurs. The nucleation of the new grains is formed preferably at the original 
grain boundaries [92].    
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The importance of determining the recrystallization conditions falls in the austenite microstructure 
during hot working. The nucleation sites for the transformed products are mainly at the grain 
boundaries or zones of high strain. It is preferably to maintain the strain accumulation and fine 
austenite grains during deformation to create a large number of nucleation sites. This can be 
achieved by retarding or avoiding recrystallization through the control of the deformation 
parameters.    
 
3.3.3. Grain growth 
 
When the recrystallization process is complete, the grain may start to grow if the material is kept 
at high temperature. This further reduces the stored energy in the material and the Sv is also 
lowered. If the temperature in the material decreases, the movement of grain boundaries is limited 
and thus, there is a slower growth rate of the recrystallized grains which results in finer 
recrystallized grains [93]. In microalloyed steels, grain growth is inhibited by precipitates or 
second-phase particles that pin the grain boundaries. Austenite grain growth is not a significant 
metallurgical phenomenon in strip rolling because the austenite grain size is determined by the 
recrystallized grains since interpass time in finishing rolling does not allow grain growth. 
However, the transition between roughing and finishing rolling deformations may offer the ideal 






The literature review for this project focuses on the features and challenges to improve the 
mechanical performance of AHSS during the TMP, more specific of complex phase steels for 
automotive applications. 
The control of the TMP parameters plays as a key role in the microstructure evolution. The 
competition between the different softening mechanisms and the formation of precipitates is 
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mainly influenced by these TMP parameters. On the other hand, the microalloying elements in the 
steel, together with the appropriate processing conditions, favour to better control in the 
microstructure evolution.  
The recrystallization mechanism can be manipulated by the formation of fine precipitates in 
austenite, along with the control of the processing parameters. This is of vital importance during 
finishing rolling to accumulate the strain of the last deformation passes and to obtain a heavily 
work-hardened microstructure with a high Sv. A heavily deformed structure with high Sv increases 
the nucleation sites for ferritic phase transformations. This allows phase transformations to take 
place on the runout table in a short time and at high cooling rates, which is advantageous for 
industrial processing. 
A strategic TMP route design for specific chemical composition, and the good control of the 
processing, especially during the runout table simulation, will develop the microstructure and 
mechanical properties aimed for a CP steel. The CP microstructure consists of a matrix composed 
of ferrite and bainite. Furthermore, there should be a considerable amount of martensite which 
provides the strength to the steel and, in some cases, retained austenite can also be present in 
relatively small amounts. The TMP route, as well as the volumetric fraction of these constituents, 
defines the mechanical properties of the material. 
The present thesis focuses on the design and subsequent analysis of the microstructure evolution 
during TMP. This leads to the production of the corresponding microstructure and mechanical 
properties of a CP steel in particular chemical composition to make the most of the microalloying 
elements and the effect of processing parameters during TMP.       
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4.1. As-received material: Phases and Microstructure Characterization 
 
A CP800 steel plate was received coming from the company Ternium S.A. in Monterrey, Mexico. 
This plate was cut off from the strip after rough rolling in a reversible mill as a transfer bar 
condition (Figure 4.1). The as-received transfer bar had dimensions of 500x260x36 mm 
approximately, where the 260 mm length was the rolling direction (RD) and the 36 mm was the 
thickness.  
 The chemical composition of the transfer bar was reported to be within the range specified by 
the ASTM standard for a Complex Phase steel [26]. The transfer bar was sectioned by saw band 
(using a standard coolant and lubricant) into 3 segments after removing around 50 mm (2 inches) 
from the edge to discard the effects of the cutting torch. The first segment, of about 3 inches wide, 
was used for the initial characterization of the material and the other two sections served to 





Figure 4.1 Sectioned as-received CP800 transfer bar. 
 
The first segment was sectioned with an abrasive disc cutter machine to obtain cubic samples of 
smaller dimensions of around 10 mm per side (1000 mm3) so that they can fit in the different 
equipment used for the initial characterization.  
 
4.1.1. Quantitative Metallography 
 
The as-received material was characterized by different techniques to identify the initial 
microstructure and chemical composition. 
4.1.1.1. Optical Microscopy 
 
The Nikon Eclipse LV150 optical microscope was used to observe the microstructure at different 
magnifications. This microscope is equipped with objective lenses from 5X to 100X. For this 
technique, the sample is required to have a flat surface, so that, a special preparation was carried 
out and consists of the following steps: 
1. Mounting the sample in conductive Bakelite to standardize the specimen dimensions to 32 
mm of diameter. This with the objective that the arm of the automatic polisher can hold 
each of the specimens. This step is not compulsory, but it will aid and save a lot of time for 







later analysis via the Scanning Electron Microscopy where it has to easily allow the flow of 
electrons. 
2. Surface grinding with silicon carbide (SiC) abrasive papers, which were placed on an 
automatic polish machine starting with grit number of 120, 220, 320, 500, 600 to 1000 
cooling by water jet. Then, a mechanical polishing with cloths and diamond water-based 
suspension of 3 and 1 microns were used to remove all the stripes left on the surface by the 
grit papers. The polishing is completed until the mirror-like surface is obtained with no 
scratches on it. The parameters selected on the automatic polish machine during grinding 
(while using SiC abrasive paper) were 2 minutes per each grade of abrasive paper with a 
force of the specimen on the paper of 30 N. The head and platen keep rotating in the same 
direction at a speed of 60 and 300 revolutions per minute respectively. During polishing, 
the same force was used on the cloths. The rotating speed of the head was 40 rpm and for 
the platen was 110 rpm in opposite directions to avoid the comet tails effect. Polishing was 
carried out for 10 minutes each grade of diamond suspension, or until the specimen surface 
had a mirror-like finish. The water jet for cooling was not required during polishing. 
3. Etching the sample reveals the microstructure and consists of covering the surface of the 
polished face with a reagent for a specific time. For this steel, two different solutions were 
used for the characterization. 
 The first solution was 2% nital, made by mixing 2 mL of nitric acid and 98 mL of ethanol at 
room temperature. The samples were sunk into the solution until a clear contrast change is 
observed in the freshly polished surface, this normally occurs in between 5 to 20 seconds of 
etching. This etchant is normally used in the field of steels to reveal the general microstructure. 
 The second etchant is called saturated aqueous picric acid solution and it allows to reveal the 
prior austenite grain boundaries for grain size analysis [95-98]. As its name implies, the solution 
is based on distilled water, and the main component is picric acid, also hydrochloric acid (HCl) 
and a wetting agent should be added to the solution. The amount of the substances to prepare this 
solution will depend on the chemical composition of the steel. An acceptable etching procedure 
for the CP800 was found based on several trials varying the amount of the different components 
and parameters. The preparation of the solution is described as follows: weigh 4.5 g of picric acid 
crystals at room temperature and pour into 100 mL of distilled water, stir for 3-4 min or until the 
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picric acid crystals are no longer dissolved, indicating the solution is saturated. After that, the 
wetting agent is added, in this case, 1 mg of sodium dodecyl sulfate was selected, at this time, a 
foam is formed on the surface of the solution, so it should be kept stirring until the foam settles 
down. The mix then is heated to a temperature between 80 to 90 °C, the remaining crystals and 
sulfate should be completely dissolved at around 60 °C. Then, carefully and aided by a pipette, 5 
drops of HCl are added to the warm solution. It was noticed that the freshly made solution is too 
aggressive to the steel, so that, it needs to be matured by first etching 3 dummy samples for 5 min 
each. The solution is ready for etching when the colour has changed from bright yellow to dark 
yellow/orange, as shown in Figure 4.2. Prior austenite grain boundaries of CP800 steel are revealed 
after etching 60-70 s into the saturated picric acid solution. 
 
 
Figure 4.2 Saturated picric acid solution. Before (left) and after (right) maturing 
    
After etching with any of the two solutions mentioned above, the sample must be rinsed with 
abundant water flow, then wash it with isopropanol and blow air to dry it. Once the sample is clean 





4.1.1.1.1. Prior Austenite Grain size – Linear Intercept Method 
 
The prior austenite grain size (PAGS) is an important parameter to consider at the moment of 
designing a thermomechanical processing route. Once the austenite grain boundaries are 
successfully revealed following the methodology described in Section 4.1.1.1 using the aqueous 
picric acid solution as the etchant, the PAGS was determined according to the ASTM E112 
standard [99].  
 PAGS were measured under the linear intercept method, which involves an actual count of the 
number of grains intercepted by a test line. The precision of grain size estimation by this method 
is a function of the number of grains counted. 
 In this study, a total of 8 tests lines were drawn in the metallography, 4 parallel and 4 
perpendiculars to the rolling direction to measure the aspect ratio. The lines were drawn at a 
distance so that those parallels did not cross the same grain. In addition, for statistical analysis, at 
least 100 grain boundaries were counted in each metallography. The statistical analysis includes 
the results of the standard deviation for a 95% confidence interval. The aspect ratio was calculated 
as the average of PAGS measured parallel to the rolling direction divided by the average of PAGS 
measured perpendicularly to the rolling direction. Statistical analysis was followed as described in 
the ASTM E112 standard. 
 
4.1.1.2. Scanning Electron Microscope (SEM) 
 
This characterization technique can give information such as the chemical composition, the size 
and the morphology of the phases that are present in the sample and have a relation with the 
properties. This microscope allows the observation of the surface and microstructure of the steel 
with greater detail compared with the optical microscope. The main advantage of SEM is the 
achievement of a higher amplification and resolution of the image than the optical microscope.  
 For the initial characterization, the sample used in SEM was the same observed by the optical 
microscope. The sample was prepared following the same procedure mentioned in 4.1.1.1. The 
images were obtained from the secondary electron detector (SEI) and backscattered electron 
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detector (BES). The FEI Inspect F50 SEM was operated in vacuum at a voltage of 30 kV, a spot 
size of 3 and a working distance between 9 and 11 mm.  
 Backscattered electrons are those that are scattered from the surface and can be collected as the 
primary beam scans the specimen surface. In the BSE image, the elements with a higher atomic 
number appear brighter than the elements with low atomic numbers. 
 On the other hand, secondary electrons are the result of the interaction of the primary beam with 
the electrons in the atoms of the specimen. SE have less energy compared with BSE and because 
of that, SE can only give information about the surface of the specimen. SE is useful to reveal 
surface topography [100].  
 Regarding the selection of acceleration voltage during SEM image acquisition, it is noted that 
a higher kV value was selected than is accustomed in the literature. This experimental decision 
was based upon a preference for images of higher resolution than those obtained at 15 and 20 kV. 
Although those kV values usually result in enough secondary electrons being generated on the 
surface to produce adequate sample topography, the objectives of the present work were better 
served by such settings. In other words, it was considered that the loss of secondary electrons was 
outweighed by the better resolution of higher kV values. In fact, the observation of the sample 
during acquisition informed the selection of the settings, including the working distance and 
acceleration voltage. In most cases, experimental decisions are based upon the objectives of the 
characterisation, as opposed to the customary operation settings of the equipment [101]. 
 
4.1.1.3. Transmission Electron Microscopy (TEM) 
 
TEM analysis has been done in a Philips FEI Tecnai T20 whose features and capabilities are 
described in Table 4.1. The advantage of looking at the steel through TEM is the high 
magnification and good resolution of this kind of microscopes to obtain information from the 
material. The microscope was operated under the maximum capacity of accelerated voltage. Bright 
and Dark Field images were taken with a Gatan 782 ES500W Erlangshen camera. The camera 
consists of a retractable electron scintillator and a lens coupled CCD camera. The images were 
recorded via Digital Micrograph software. 
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Table 4.1 Specification and Capabilities of Philips FEI Tecnai T20 
Source Thermionic (LaB6) 
Acceleration voltage 200 kV 
Point resolution 0.12 nm 
Tilt ±40° 
Magnification 50 to 730,000 X 
Elemental analysis N/A 
 
4.1.1.3.1. TEM sample preparation 
 
The main requirement of the samples called “thin foil” for TEM analysis is that it must be as thin 
enough so that an electron beam of energy used in the microscope can pass through it. Because of 
this, the preparation of the sample is complex and laborious. The process to obtain a standard steel 
thin foil for the Philips FEI Tecnai T20 sample holder is explained in detail below. 
First, a thin sheet of about 1 mm from the area of interest of CP800 was extracted using either 
an abrasive or a precision cutting disc. Then, the sheet needs to be ground to a thickness less than 
0.5 mm. The easiest way to get that thickness was to stick the sheet on a base to be able to grind it 
manually on the grinding machine, this step can be done using the roughest SiC abrasive paper. A 
cylindrical aluminium base of 32 mm in diameter, the same dimension as mounted Bakelite, was 
heated on a plate up to a temperature that wax can be melted on it. The steel sheet was then put on 
the wax so it can be firmly held once the wax was cooled. When the thickness of the sheet was 
less than 0.5 mm, it was perforated into discs of 3 mm of diameter using a hole punch. After that, 
those discs were attached to a stainless steel 3 mm diameter sample holder to continue grinding 
with the finest SiC abrasive paper to a thickness range in between 0.08 to 0.12 mm. This step 
needed extra care because the disc can be easily damaged, fold or broken. This sample preparation 
technique is detailed in [102].  
Finally, the discs needed to be electropolished to remove metal from the surface. The 
electropolishing automatically stopped when a hole was formed at the centre of the sample. This 
means the area near the edges of the hole is thin enough to transmit the electrons through it. The 
electrolyte selected for electropolishing the CP800 steel consisted of 60% of methanol, 35% of 
butoxyethanol and 5% of perchloric acid (HClO4 60%). The parameters to control in the twin-jet 
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electropolisher are 25 V, a flow rate of 16 at a temperature of -41°C and the current should range 
from 35 to 50 mA.  
 
4.1.1.4. Optical Emission Spectroscopy 
 
A piece with dimensions of around 25 x 25 x 10 mm cut from segment 1 of the as-received transfer 
bar was sent to an external company to analyse the chemical composition of the steel. Optical 
Emission Spectroscopy, or OES analysis, helps to determine the chemical composition of metal 
alloys. This method uses a sparking process, which involves applying an electrical charge to the 
sample and vaporizing a small amount of material. Once this spark occurs, a discharge plasma 
with a distinct chemical signature is created, allowing the determination of the elemental 
breakdown of the sample. Results of the analysis are given as a percentage breakdown of the 
constituent elements [103].  
Gas Chromatography Mass Spectrometry, or GC/MS analysis, is a method used to determine 
trace and single elements in complex chemical mixtures.  Rather than giving a full elemental 
breakdown, GC/MS focuses on one element or compound in a substance. GC/MS analysis was 
done in the CP800 to measure more precisely the amount of C. 
GC/MS is a beneficial method for materials where a very small amount of the compound under 
test is suspected, or when 100% certainty of an element is required. Because of its singular 
elemental focus, GC/MS is considered one of the most accurate analyses for quantitative chemical 
composition [104].  
 
4.1.2. X-Ray Diffraction  
 
The X-ray diffraction is the technique that allows the identification of crystalline structures based 
on the diffraction Bragg’s Law. This technique uses an X-ray beam of a certain wavelength to fall 
on the sample. The crystalline structure can be determined by the X-ray diffraction pattern since 
each crystalline phase are produced at a characteristic diffracted angle. The output data generated 
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by X-ray tests is a diffractogram of intensity (Y-axis) as a function of the diffraction angle (2θ). 
The diffractogram normally contains a series of peaks at different angles.  
The sample for X-ray analysis was extracted by an abrasive cutter machine from the first 
segment mentioned above. The requirements of the sample for this technique are a flat and smooth 
surface and that the thickness is less than 5 mm. To meet these requirements, one of the faces was 
refined using a 320 grid paper. 
For this technique, a Bruker D2 Phaser X-ray diffractometer was used. This machine is 
equipped with a copper source with a wavelength of 1.5418 Angstroms. For this analysis, the 
machine was operated with a voltage of 30 kV and a current of 10 mA. The data were collected in 
a range of 2θ from 20 to 100º every 0.02º with an analysis time of 30 minutes. The sample was 
kept rotating at a speed of 15 revolutions per minute to minimize the effects of preferential 
orientation and get a random orientation of the crystals. DIFFRACT.SUITE EVA software was 
used for the qualitative analysis of the pattern and the identification of the main peaks. 
 
 
4.2. Critical Processing Temperatures 
 
 
In order to meet the general objective of this study, it was necessary to define critical processing 
temperatures. These temperatures were considered critical due to the sensibility they have to alter 
the final microstructure of the strip after processing, which directly affects the mechanical 
properties. For example, phase transformation temperatures, A1 and A3 in equilibrium, but more 
important for processing purposes are the phase transformation temperatures during cooling, from 
austenite to ferrite, Ar1 and Ar3. These temperatures will mainly depend on the chemical 
composition, grain size and cooling rates. Another critical temperature is the recrystallization-stop 
temperature or T5% which indicates when no recrystallization occurs. This temperature will depend 
on the chemical composition of the steel and the deformation parameters such as the amount of 
strain, the strain rate and the interpass time. Next, it will be explained how these critical processing 




4.2.1. Thermodynamic Analysis  
 
JMatPro® software [105, 106] (Java-based material properties) was used to model the CCT 
diagram and phase transformation temperatures of the CP800 steel. It also calculates the properties 
and the volume fraction of phases of the alloy. JMatPro® can calculate thermophysical and physical 
properties for a very large range of temperatures. It has the sensitivity to calculate properties in 
each phase of the alloy such as the volume fraction, thermal conductivity, Young's modulus and 
the Poisson's coefficient [107, 108]. The input data for properties calculation was the chemical 
composition, the range of temperatures to be analysed and the estimated grain size. The CCT 
diagram was obtained with chemical composition, austenitization temperature, and austenite grain 
size. 
Thermo-Calc [109] was also used for comparison. Thermo-Calc is a simulation software where 
thermodynamic calculations can be performed. This software is useful for complex homogeneous 
and heterogeneous phase equilibria [110]. The input data for a calculation of phase diagram and 
volume fraction of phases was the chemical composition of the alloy and the range of temperatures 
to be analysed. For CP800 steel calculations, the databases used were TCFE8 v8.1 and MOBFE3 
v3.0.[111]. 
 
4.2.2. Determination of Phase Transformation Temperatures 
 
One method to measure phase transformation temperatures of steels is by dilatometry tests [112]. 
The technique consists of heating a specimen to a high temperature and then cool it back to room 
temperature.  There are different types of commercial dilatometers. All of them should be able to 
heat and cool a specimen in a controlled atmosphere, program thermal cycles, inject inert gas or 
liquid for fast cooling and continuously measure the specimen dimension and temperature. The 
differences are in the heating method of the specimen, which can be either by induction or using 
resistance. In addition, the dilatometers can also differ in the design or dimensions of the 
specimens. A schematic representation of the configuration of the different heating methods for 
dilatometry tests can be seen in Figure 4.3. Dilatometry technique helps to identify length changes 
in the function of temperature due to the volume expansion or contraction of a given steel 
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geometry. Steel, like many other metals, dilates when is heated due to the thermal expansion effect, 
which normally has a linear trend. However, when a phase transformation occurs, there is a 
significant change in volume because of the rearrangement of atoms in the crystal lattice. During 
the phase transformation while heating, from ferrite (bcc) to austenite (fcc), there is noticeable 
shrinkage for the dilatometer measurements because the fcc structure has a larger packing factor 
than bcc. Thus, the first change in the displacement slope indicates that the phase transformation 
begins (Ac1). For carbon steels, at equilibrium conditions, this should take place at approx. 723°C. 
These temperatures are characteristic of phase transformation due to the rearrangement of atoms 
in the crystal structure [113]. 
 
Figure 4.3 Schematic configuration of heating methods for classical dilatometry testing using a) 
Induction heating and b) Resistance heating [112] 
 
The dilatometer equipment for this analysis has an induction coil to heat the specimen (Figure 4.4). 
A PID controller which follows the set point previously loaded into the machine for heating and 
cooling. A displacement sensor is used during the test to measure the changes in length across the 
longitudinal direction of the specimen. The cooling rate can be controlled by a cooling system in 
the machine which is able to cool down by water jet (quench), air blowing (slow cooling) or a 
combination of both (mist) for intermediate cooling rates. This dilatometer has two options to 
measure the temperature to follow the set point; by a K-Type thermocouple and by a pyrometer. 
For this analysis, the K-type thermocouple was selected to follow the set point due to it measured 





Figure 4.4 Dilatometer used to measure the length change of the samples. 
 
Cylindrical bars were sent to machine from segment 3 of the as-received transfer bar. The 
dimensions of the bars were 12 mm in diameter by 155 mm in length and with a hole of 1.6 mm 
to go to the centre of the bar to place the thermocouple (Figure 4.5). The 155 mm length is parallel 
to the rolling direction. Then, these bars were drilled on the centre of both faces using a 7 mm drill 
bit by 5 mm depth approx. This is to be able to hand by the dilatometer holder sample. The K-type 
thermocouple, 310 stainless steel sheath, 1.5 mm in diameter, was placed inside the bar and plug 
to the dilatometer to measure the temperature for every test.  
 
 
Figure 4.5 Dilatometer sample of CP800 after machining. Length is parallel to the rolling 
direction. The scale showed is in mm  
 
The test design for this technique was the austenitization of the steel, so the bars were heated up 
to 1000°C, at a heating rate of 10°C/s, hold for 3 minutes to homogenize the temperature through 
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the bar, and then cool down to room temperature at different cooling rates of 0.1, 1, 10 and 20°C/s. 
The heating parameters were selected to ensure the austenite transformation by heating above the 
A3 temperature. The holding time at 1000°C tries to homogenize the temperature of the specimen 
and at the same time to limit the likely austenite grain coarsening at high temperature. A schematic 
representation of the heat treatment is shown in Figure 4.6. 
 
 
Figure 4.6 Schematic heat treatment for dilatometer tests. 
 
The output information from every dilatometry test was recorded for every second and includes 
the time, set point temperature, recorded K-type thermocouple temperatures and displacement. 
One method to measure A1 and A3 is to plot the displacement vs time or temperature. During 
heating, the dilatation of the bar should increase the displacement over time, and the initial phase 
transformation is obvious when the slope becomes negative due to the shrinkage. At that point, the 
corresponding temperature is indicative of Ac1. After that, the graph becomes non-linear. The end 
of the phase transformation during heating (Ac3), i.e. when there is fully austenitic microstructure, 
is the corresponding temperature when the plot turns linear again and has a positive slope with a 
clear trend. On the other hand, the opposite effect should occur during cooling, finding Ar3 first 
and then Ar1. These temperatures have a strong dependence on the cooling rate. Figure 4.7 shows 
an example of the data obtained from a dilatometry test. The changes in the slope are indicated 
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and represent the start and finish phase transformation temperatures for both during heating and 
cooling of the specimen. 
 
 
Figure 4.7 Dilatometry curve for a microalloyed steel obtained through thermomechanical 
simulator Gleeble 3800 [114] 
 
Also, there are empirical formulas written by several authors to make a quick calculation of these 
critical transformation temperatures. These formulas are commonly based on the chemical 
composition of the steel, and some others include parameters such as cooling rate and austenitic 
grain size. The empirical formulas applied in this study for the calculation of Ar3, the initiation of 





Table 4.2 Equations of Ar3 described by different authors. Alloy content is specified in weight % 
Author Equation Notes 
Choquet 
[115] 
𝐴𝑟3 = 902 − 527 𝐶 − 62 𝑀𝑛 + 60 𝑆𝑖  
Mintz [116] 
𝐴𝑟3 = 833.6 − 190.6 𝐶 − 67.4 𝑀𝑛 + 1522 𝑆 −
2296 𝑁𝑡𝑖 − 1532 𝑁𝑏 + 7.91 𝑑𝛾
−
1
2 − 0.117 CR  
𝑁𝑡𝑖 = 𝑁𝑡 −  
𝑇𝑖
3.5
  where 
𝑁𝑡 = total Nitrogen content 
dγ = Austenite grain 
diameter (mm) 
CR = Cooling rate(°C/min) 
Mintz 2 
[116] 
𝐴𝑟3 = 868 − 181 𝐶 − 75.8 𝑀𝑛 + 1086 𝑆 −
3799 𝑁𝑡𝑖 − 1767 𝑁𝑏 − 0.0933 CR  
Sekine [63] 
𝐴𝑟3 = 868 − 396 𝐶 − 68.1 𝑀𝑛 + 24.6 𝑆𝑖 −
36.1 𝑁𝑖 − 24.8 Cr − 20.7 Cu  
 
Shiga [117] 
𝐴𝑟3 = 910 − 273 𝐶 − 74 𝑀𝑛 − 56 𝑁𝑖 −





𝐴𝑟3 = 370 exp (−
√𝐷𝛾
6.7
)  − 325 𝐶𝑅0.1 −
5649 𝑁𝑏 + 78194 𝑁𝑏2 + 1019 
Dγ = Austenite grain 
diameter (μm) 
CR = Cooling rate (°C/s) 
Ouchi [119] 
𝐴𝑟3 = 910 − 310 𝐶 − 80 𝑀𝑛 − 20 𝐶𝑢 −
15 Cr − 55 Ni − 80 Mo + 0.35(h-8) 
h = Plate thickness in mm 
 
4.2.3. Recrystallization-Stop Temperature (T5%) 
 
The recrystallization-stop temperature, T5%, should be firstly defined to design a complete 
thermomechanical route for the microstructural evolution studies in the CP800. A proper method 
to calculate and measure T5% is through double hit tests. Double hit tests results can be used to 
calculate the softening percentage between the two passes. The softening of the material is directly 
related to T5% [120]. 
A double hit test consists of deforming a plane strain compression (PSC) specimen in two passes 
at the same temperature and the same amount of strain and strain rate at a known interpass time. 
For CP800, double hit tests were performed as follow: reheat the specimen to 1200°C into the 
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FTTU (Fast Thermal Treatment Unit) at a heating rate of 10°C/s, hold at 1200°C for 2 min, then 
the samples were air-cooled to different testing temperatures from 920°C to 1000°C. Afterwards, 
the specimen was smashed twice at the same temperature, controlling the time between the passes. 
After the second pass, the specimen was immediately water quench to room temperature. T5% was 
evaluated for different deformation parameters through double hit test by varying the strain per 
pass and interpass time as specified in Table 4.3. The strain per pass varies from 0.25 to 0.40, and 
the interpass time from 4 s to 20 s while the strain rate remained constant at 10 s-1 in every pass. 
The schematic thermomechanical route for double hit tests is shown in Figure 4.8.  
 




Strain per pass Interpass time  Strain rate 
Set 1 920, 950, 980, 1000 0.25 20 s 10 s-1 
Set 2 980, 1000, 1020 0.25 4 s 10 s-1 






Figure 4.8 Thermomechanical route of the Double hit tests 
 
The thermomechanical compression (TMC) machine (Figure 4.9) from Servotest Ltd was utilized 
to carry on the simulation of the hot rolling process and double hit tests. This servo-hydraulic 
machine has outstanding control of the processing parameters such as deformation temperature, 
strain, strain rate and interpass time. TMC is useful to replicate almost any thermomechanical 
route. TMC is equipped with an FTTU which is used for the heat treatment of the specimen. The 
FTTU has induction coils to heat the sample and the cooling could be done by forced air, water jet 




Figure 4.9 Thermomechanical compression machine for plane strain compression (PSC test) 
 
The specifications of the TMC machine are given in Table 4.4. 
 
Table 4.4 TMC general specifications 
TMC Specifications 
Actuators Servo-hydraulic 
Maximum Strain 2 
Maximum Strain rate 200 s-1 
Maximum Temperature 1200 °C 
Maximum Load 500 kN 
Cooling methods Forced air/water jet/mist 
Temperature Control Up to 3 thermocouples 
 
More detail of the capabilities and operation of the thermomechanical machine used for plane 
strain compression at the University of Sheffield can be found in the following sources [121-124]. 
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The specimens for the PSC testing were machined from segment 2 of the as-received transfer 
bar following the sketch in Figure 4.10. For the purposes of this work, the 60 mm length needed 
to be parallel to the rolling direction of the transfer bar. The hole for the thermocouple was done 
in the centre of the sample to take into account the deformation heating.  
The selected data to record for each test include time, temperature, load, displacement and 
velocity. These data were then analysed to make corrections following the best practice developed 
by Loveday et al [125-127] and get the flow stress behaviour during the deformation.  
 
 
Figure 4.10 Geometry of the PSC samples 
 
There are different approaches to evaluate the softening after the double hit, a summary of the 







Table 4.5 Different methods to calculate the fraction softening of a double hit test. 
A1) 2% Strain Method [128, 129]  
A2) 5% Strain Method [58] 
%𝑆𝑜𝑓𝑡 =  
𝜎𝑚 −  𝜎2
𝜎𝑚 −  𝜎1
 
σm = Stress at the equivalent 2%/5% strain of the 
second deformation on the single pass tests. 
σ1 = Stress at 2%/5% strain of the first deformation 
σ2 = Stress at 2%/5% strain of the second deformation  
B) Area under the flow stress curve [128] 
%𝑆𝑜𝑓𝑡 =  
𝐴3 −  𝐴2
𝐴3 −  𝐴1
 
A1 = Common area under the flow stress curve of the 
first deformation in double hit test and the part in the 
single pass test to the same strain level.  
A2 = Area under the flow stress curve of the second 
deformation in double hit test. 
A3 = Area under the flow stress curve of the single 
pass test equivalent to the strained region of the second 
deformation of double hit test. 
 
C) Offset Method 2% [58] 
%𝑆𝑜𝑓𝑡 =  
𝜎𝑚 −  𝜎𝑟
𝜎𝑚 −  𝜎0
 
σm = Max stress of the first deformation 
σ1 = stress at 2% plastic strain of the first deformation 




There are also empirical formulas which give a hint of what the T5% is. Some of these formulas 
are described in Table 4.6.  
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Table 4.6 Empirical equations to estimate T5%. Alloy content is specified in weight % 
Author Equation Notes 
Boratto et al. 
[130] 
𝑇5% = 887 + 464𝐶 + (6445𝑁𝑏 − 644√𝑁𝑏) +
(723𝑉 − 230√𝑉) + 890𝑇𝑖 + 363𝐴𝑙 − 357𝑆𝑖  
 
Bai [131] 𝑇5% = {174 log [𝑁𝑏 (𝐶 +  
12
14




Fletcher [132] 𝑇5% = 849 − 349𝐶 + 676√𝑁𝑏 + 337𝑉                                  




−0.014 𝜀 = true strain 
 
4.2.3.1. Recrystallized Fraction – Point Count Method 
 
T5% was also validated through the observation of the prior austenite grain microstructure at the 
centre of the deformed specimen. The process to get metallographies from a representative area of 
deformation in the PSC specimen will be described in Section 4.4. 
 The metallography is divided into two areas: austenite recrystallized grains and austenite 
deformed/elongated or non-recrystallized grains. The point count method is based on counting the 
points that fall in the area of interest in a random array of points.  
For the recrystallized fraction of the PSC specimens, a grid consisting of 9 perpendicular lines 
to the rolling direction and 7 parallel lines to the rolling direction were drawn into the 
metallography. The parallel lines to rolling direction were placed at a distance so that they did not 
cross the same grains. The points to count are the intersection of the grid, so each metallography 
has 67 points to decide how many fall in the austenite recrystallized area. Those points in the 
recrystallized austenite area counted as 1, those in the non-recrystallized area as 0.  Points lying 
on the grain boundary of a recrystallized grain were counted as 0.5. An example of the grid array 
in a PSC metallography is shown in Figure 4.11. The austenite recrystallized fraction with the 95% 





Figure 4.11 PSC metallography to measure the recrystallized fraction by point count method. 
Metallography showing 50% of austenite recrystallized area. 
 
 
4.3. Hot Rolling Simulation 
 
 
The complex phase microstructure is commonly developed after a thermomechanical treatment of 
the steel. In order to optimize material and time that an industrial practice could take, hot rolling 
simulations with plane strain compression method were carried out at a laboratory scale using a 





4.3.1. Plane Strain Compression (PSC) Testing 
 
Plane strain compression testing is a technique to replicate similar conditions of deformation to a 
plate or strip rolling. PSC testing can generate data to analyse the mechanical properties of the 
CP800. PSC testing consists in deforming a specimen at a controlled temperature, defined amount 
of strain and strain rate to measure the hot flow stress. A schematic representation of PSC testing 
is shown in Figure 4.12. The PSC specimen geometry was identical to the specimens used for the 
determination of T5%, the dimensions were described in Figure 4.10.  
 
 
Figure 4.12 Representative diagram of plane strain compression testing. 
 
The experimental design for PSC tests includes the finishing rolling and the runout table or 
controlled cooling. This is because the as-received transfer bar had been already processed through 
the rough rolling mill. 
Finishing passes should be carried out at temperatures below T5% to develop high mechanical 
properties [67]. Strain accumulation and high dislocation density increase the nuclei sites for the 
phase transformation to either ferrite or bainite. 
The thermomechanical route for the finishing rolling must be designed in a range of 
temperatures. At an industrial scale, if the deformation temperature is too high, it would be 
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complex to maintain the strip at that temperature, in contrary, if the deformation temperature is too 
low, it would be complicated to deform the slab due to the required excessive force in the mill. 
A thermomechanical route was designed of 4 passes for the evaluation of microstructural 
evolution. This consists of reheating the PSC specimens up to 1150 °C at a rate of 10 °C/s. This 
temperature was chosen because 1150 °C is a typical value at the end of the rough rolling. After 
that, the specimen was left for 2 minutes at 1150 °C for homogenization. Then, specimens were 
air-cooled at 20 °C/s to the first pass temperature, T5%. Before the first pass deformation, the 
sample was held for 5 seconds at T5% to stabilize the temperature.  
The strain rate for all passes was 10 s-1. The time between each pass was 4 seconds to be closer 
to the industrial practice. The temperature difference between the first pass and the last pass was 
around 100°C. The total strain, i.e. the accumulation of 4 passes, would be 1.1 as maximum due 
to dimensional restrictions of the PSC specimens. The strain per pass was planned as follow, 0.4, 
0.3, 0.2 and 0.2. A representative sample (water quench) was taken at different stages of the TMP 
route to observe the austenite microstructure evolution. The schematic TMP route is represented 
in Figure 4.13. During the deformation, PSC specimens may stick to the tools of the TMC, to avoid 





Figure 4.13 Schematic TMP route for CP800. Coloured lines represent water quench specimens 
for the evaluation of austenite microstructure evolution 
 
 
Different controlled cooling strategies after the fourth pass were planned to obtain the 
microstructure of a CP steel. The simulation of the runout table comprises a stepped cooling after 
the last pass, first cooling at 100 °C/s until temperatures related to bainitic transformation. Then, 
the specimen was held at that temperature for 13 seconds with the intention of transform bainite. 
This was followed by a water quench to room temperature to transform the remaining austenite 





Table 4.7 Strategies to obtain CP microstructure during thermomechanical processing. 
Specimen Description 
SC1 Last deformation pass at T5% - 100 °C, step cooling at 550 °C for 13 seconds 
SC2 Last deformation pass at T5% - 100 °C, step cooling at 500 °C for 13 seconds 
SC3 Last deformation pass at A3, step cooling at 550 °C for 13 seconds 
SC4 Last deformation pass at A3, step cooling at 500 °C for 13 seconds 
SC5 Last deformation pass at A3, step cooling at 500 °C for 60 seconds 
 
 
4.4. Characterization after PSC Testing 
 
As PSC specimens were too large for a metallographic investigation, they were sectioned by 
abrasive disc after the deformations as shown in Figure 4.14 to analyse a representative area of 
deformation.  
 The representative area of deformation was chosen to be at the centre of the specimen in the 
longitudinal section of the rolling direction. This section is helpful to measure the degree of grain 
deformation, the aspect ratio of grains from the hot-rolled product. 
 
 
Figure 4.14 The three planes in a rolled product. Rolling direction is indicated with the double-
sided arrow. PSC specimen after deformation and all sectioning steps to mount the longitudinal 




Characterization after PSC testing includes the techniques of optical microscopy, SEM and TEM 
already explained in 4.1.1 but also hardness evaluation and EBSD analysis which will be described 
later in this chapter. 
 
4.4.1. Microstructure Evolution through TMP 
 
Representative PSC samples were taken through TMP to observe the evolution of austenite as 
shown in Figure 4.13. This includes 5 different samples: one sample after the 2 minutes at 1150°C, 
one sample after each pass (first, second, and third pass) including the interpass time to the next 
deformation, and one sample immediately water quenched after the fourth pass. All deformation 
passes were carried out in the austenite phase. For the austenite microstructural evolution analysis, 
the PSC specimens were sectioned as explained in Section 4.4 to obtain a representative area of 
the deformation. The specimens followed the metallographic preparation mentioned in Section 
4.1.1.1 and the aqueous picric acid solution was used as an etchant. PAGB were analysed by optical 
microscope and SEM. PAGS was measured in the parallel and perpendicular to rolling direction 
following the linear intercept method already described in Section 4.1.1.1.1. Phase transformation 
behaviour is directly influenced by the distance between the PAGB thus, altering the CCT diagram 
of the CP800 steel.  
Additionally, PSC samples of the complete TMP route were also analysed. Complete TMP 
route includes the samples with total strain accumulation of 1.1 in 4 passes and different controlled 
cooling strategies as described in Table 4.7. The metallographic preparation of these specimens 
was the same except that the etching procedure was done with 2% nital solution to reveal the 
microstructure. In addition to optical microscopy and SEM, specimens with the complete TMP 
route were also analysed by EBSD, TEM, and also went through an evaluation of mechanical 





4.4.2. Analysis of Crystallographic texture and deformation by Electron Backscattered 
Diffraction (EBSD) 
 
More detail of the microstructure developed during the TMP was studied by EBSD analysis. EBSD 
consists of the acquisition of diffraction patterns [135]. The EBSD data was collected using an FEI 
Inspect F50 SEM microscope operated at 20 kV. Due to the dimensional limitations of the EBSD 
specimen because of its holder, it was necessary to do extra cuts of the PSC specimen using a 
precision cutter. The EBSD specimen must not exceed 10 mm by 5 mm in the longitudinal face 
and the thickness must be less than 5 mm. The specimen was mounted in Bakelite for easier 
metallographic preparation, as an extra step to the standard procedure, the EBSD specimens were 
polished with colloidal silica during 30 minutes after the last polishing step. Then, the Bakelite 
was carefully broken in a manual press to avoid scratches on the specimen. Finally, the specimens 
were ultrasonic cleaned for a period from 10 to 15 min in isopropanol. 
The specimen was introduced into the microscope as the normal operation of the SEM but then, 
it was tilted to 70° where additional backscattered electron detectors are required to produce a 
significant diffraction pattern. The specimen should be correctly attached to the EBSD holder to 
avoid movement of the specimen while tilting. Once tilted, the working distance of the microscope 
should be calibrated with the EBSD detector. 
 Flamenco software from Channel 5 was used for EBSD collection data. BCC old and FCC 
phases were chosen for indexing. The step size, i.e. the pixel size of the digitised microstructure, 
for all specimens was 0.2 μm. Finer microstructure detail is acquired decreasing the step size, but 
this would significantly increase the operation time. The data was post-processed using the HKL 
Channel 5 software package. 
 




Hardness is an indicator of the resistance of a material to plastic deformation induced by applied 
forces. Two different methods for hardness evaluation were considered, the Vickers microhardness 
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to get an overall measurement of the specimen, and the nanoindentation hardness for identification 
of smaller phases.   
Vickers microhardness measurements were conducted via Durascan 70 G5. The selected force 
to make the indentations was 0.01 kgf, equivalent to 0.098 N or HV0.01. The diagonal lengths of 
the indentation are measured to calculate the Vickers hardness. These measurements are converted 
to HV under Eq. 2 as explained in the ISO 6507 standard for Vickers hardness test [136]. 
The sample condition for Vickers microhardness measurements was polished and 2% nital 
etched.  
   
 𝐻𝑉 =  
𝑇𝑒𝑠𝑡𝑠 𝑓𝑜𝑟𝑐𝑒 (𝑘𝑔𝑓)
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (𝑚𝑚2)
 (2) 
 
Nanoindentation test is a technique to determine the mechanical properties of small features from 
load-displacement measurements. The nanohardness values are calculated similar than the Vickers 
microhardness test, from the penetration depth of the indentation. For nanoindentation, the applied 
loads and the geometry of the indenter changes. This provides an indirect measure of the area of 
contact at full load [137, 138]. 
The Berkovich indenter was chosen for CP800 nanoindenter measurements. Specimens were 
subjected to a maximum load of 500 μN for 5 seconds. Surface morphologies of the specimens 
were observed by atomic force microscopy, allowing to select the area of interest for the 
indentation. 
The roughness of the surface specimen is an important factor for nanoindentation tests, so a 
special surface specimen preparation was carried out before each test. Specimens followed the 
preparation procedure mentioned in Section 4.1.1.1, with an extra polishing step using colloidal 
silica for 10 to 15 min. Afterwards, specimens must be ultrasonically cleaned for at least 15 min 
followed by an electrochemical polishing. The electrolyte selected for electropolishing was the I-
1 from the ASM Handbook V9 and consists of 200 mL of ethanol, 35 mL of distilled H2O and 15 




4.4.3.2. Tensile tests 
 
The tension test is used to evaluate the mechanical properties of materials. The tensile test is about 
applying tensile force on a specimen and measure the elongation up to the eventual fracture.  The 
tensile test specimens are gripped from opposite ends within the load frame of a test machine.  
Tensile specimens come from the remaining half of the deformed PSC specimens (refer to 
Figure 4.14). Slides of 2 mm thickness at the centre of the deformation were machined by Electric 
Discharge machining (EDM) to provide stress-free cut. The axis in tension was parallel to the 
rolling direction. 
Tensile tests were performed in a Zwick Roell Z050 kN, with a load cell of 21 kN limit for the 
grippers (Figure 4.15). The gauge was manually placed on the specimens using a pair of solid 
wires glued at the centre of the PSC deformation with a distance of 10 ± 1 mm from each other as 
shown in Figure 4.16. The gauge length was monitored and recorded during the tests by a non-
contact video extensometer camera attached to the tensile machine. As the CP800 tensile 
specimens have smaller dimensions than those specified in the ASTM E8 standard for sub size 
specimens, the crosshead speed was adjusted in the machine so that the strain rate met the 
requirement in the ASTM E8 standard [140]. Because of that, the crosshead speed for every test 
of the CP800 was set to 0.00375 mm/s. Initial and final cross-section measurements were got by a 





Figure 4.15 Tension machine Zwick Roell Z050 
 
 The output data from the tensile tests include the load vs extension of the gauge. These 
parameters are used to get the engineering stress (σ) and engineering strain (ε) (Eq.3 and Eq.4.)  




Where P is the axial tensile load in Newton, and A0 is the initial cross-section area of the specimen. 
 






  (4) 
Where Lf and L0 are the final and initial gauge length. 
 
Four main properties were calculated from the flow stress engineering curve. The yield strength 
(YS0.2%) was determined by drawing an offset line at 0.2% strain of the elastic part of the flow 
stress curve. The YS0.2% value is the stress at which the offset intersects the flow stress curve. The 
Young’s modulus (E), which is the slope at the elastic part of the curve and follows the Hook’s 
Law behaviour (Eq.5).  
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The ultimate tensile strength (UTS), which is the maximum value of σ in the curve, from this point, 
the specimen starts to necking. The total ε to the fracture of the specimen is considered as the 
ductility of the specimen. The ductility of the specimen is reported as % elongation of the gauge 
length (%EL) or % reduction in the cross-section area (%RA) (Eq.6 and Eq.7). 
 %𝐸𝑙 =  
∆𝐿
𝐿0
 × 100  (6) 
 
 %𝑅𝐴 =  
𝐴0 −  𝐴𝑓
𝐴0
 × 100 =  
∆𝐴
𝐴0
 × 100 (7) 
Where Af is the cross-section area of the specimen at fracture. 
 
Figure 4.16 Tensile specimen from PSC specimen before and after the tensile test. Pins are 
attached at the centre for extension measurements. Scale bar is in centimetres  
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5.1. Initial Characterization 
 
The as-received CP800 transfer bar was characterized by different techniques in its longitudinal 
direction. Optical microscopy images using 2%nital and the aqueous picric acid solution etchants 
are observed in Figure 5.1 and Figure 5.2. The general microstructure shows a complete 
martensitic structure, which means that the transfer bar was quenched after the rough rolling. The 
PAGS of the as-received transfer bar is 46 ± 5.7 μm. The transfer bar has an equiaxed grain 
structure of aspect ratio near unity. This suggests that rough rolling would have taken place under 
conditions for full recrystallization of the austenite grains.  
SEM and TEM micrographs, in Figure 5.3 and Figure 5.4 respectively, confirmed the 
martensitic structure showing fine laths and plate structure which is typical of martensite. The laths 
have their origin and end point at the boundary of either packet of martensite or PAGB. Martensite 
is formed as a consequence of rapid cooling from austenite. In the industrial process, the strip is 







Figure 5.1 As-received CP800 transfer bar microstructure. Etchant: 2% Nital. 
 
Figure 5.2 PAGB of CP800 as-received transfer bar. PAGS = 46 ± 5.7 μm. Etchant: Aqueous 




Figure 5.3 SEM images of the as-received CP800 transfer bar. Backscattered electrons (left) and 





Figure 5.4 TEM bright field image of lath martensite of the as-received CP800 transfer bar. 
  
The X-ray diffractogram showed in Figure 5.5 reveals peaks at different angles of diffraction. The 
main peaks were observed at 2ϴ angles of 44.6, 65, 82.3 and a small peak at 99 approximately. 
These peaks are characteristic of Fe crystal structures. Microstructures and XRD diffraction pattern 
show that there is no precipitation in the as-received condition of the CP800. This might be due to 
the high processing temperatures where all alloying elements were in solution. 
 
 
Figure 5.5 X-ray diffraction pattern of the as-received CP800 transfer bar. 
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The chemical composition analysis by optical emission spectroscopy and GC/MS is shown in 
Table 5.1, and it is specified in weight per cent. Alloying elements are added to steels to improve 
the strength and ductility. Manganese is an austenite stabilizer and may decrease the phase 
transformation temperature. Mo and Cr are commonly added to increase steel hardenability. 
Niobium, Titanium and Vanadium microalloying elements are prone to form carbides. Those 
microalloying elements will retard the recrystallization and grain growth processes.  
Table 5.1 Chemical composition of as-received CP800 transfer bar. 
Element C Si Mn P Cr Mo Ni Ti Nb V N 
%Wt 0.07 0.14 1.83 0.012 0.21 0.13 0.02 0.02 0.06 0.01 0.0035 
 
 
5.2. Phase Transformation Temperatures 
 
Temperature and displacement measurements in the dilatometer were plotted over time for every 
test. Figure 5.6 shows the test results for the dilatometry specimen cooled at 10 °C/s. It was noticed 
that during the heating at low temperatures, the thermocouple measurements follow perfectly to 
the set point, but at around 700 °C, the heating rate slightly drops. This could be explained by 
different reasons, one of them is because the coils need more energy to continue raising the 
temperature. Also, this could be due to the latent heat that the steel utilizes for the phase 
transformation since the phase transformation from martensite to austenite is an endothermic 
reaction. Another reason could be because of the magnetic field affecting the induction coils when 
the specimens reach the Curie point temperature. The real cooling rate was measured as the 
temperature slope in the cooling region. At the end of the test, during cooling, at around 200 °C, 
there is a fluctuant behaviour on the length change. This was due to the bad reading measurements 
of the thermocouple at this stage. As no phase transformation is expected below this temperature, 
that region was discarded for the cooling rate calculation. The summary of the dilatometry results 
and the measured phase transformation temperatures are shown in Table 5.2. As the heating rate 
on every test was set to 10 °C/s, there is no significant change in Ac1 and Ac3 for all tests being 
around 780°C and 840°C, respectively. The temperature during heating on the specimen cooled at 
71 
 
20 °C/s was not recorded correctly, however, Ar3 and Ar1 would be measured during the cooling. 
The slower the cooling rate the higher the phase transformation start temperature during cooling. 
This is because, at slow cooling rates, the steel tends to reach a thermodynamically stable 
equilibrium condition and the supercooling effect decreases the atomic diffusion velocity [141]. 
 












0.1 °C/s 782 841 674 755 0.1 
1 °C/s 781 838 604 710 1 
10 °C/s 805 848 480 672 9.88 
20 °C/s N/A N/A 496 641 14.12 
 
 
The Ar3 calculations based on the equations described in Table 4.2 are summarized in Table 
5.3, where the Yuan’s is the most accurate approach for the cooling rates of 10 °C/s and 20 °C/s 
compared with the dilatometry results, even though Yuan’s equation is limited to steels with less 
amount of Nb than the CP800 has. Ar3 measurements of the test with a cooling rate of 1 °C/s is 
within a range comparable to the predictions of Sekine. Choquet and Shiga, who does not consider 
the cooling rate in their empirical formula, are the closest to the Ar3 temperature measured by the 
dilatometer at the slowest cooling rate of 0.1 °C/s. The initial phase transformation temperatures 
predicted by Mintz at cooling rates of 10 °C/s and 20 °C/s are in the temperature range that can be 
related to a bainite transformation instead of ferrite. It is important to mention that some of these 
formulae have different restrictions to be applied to the CP800 steel studied in this work. For 
example, some of them do not consider the cooling rate or are restricted to a defined range of 
cooling rates. Dilatometry tests have demonstrated that this parameter is crucial for the 
measurements of phase transformation temperatures. Other considerations for the formula imply 
that they can only be applied to steels with a certain range in chemical composition or certain 




The calculation of phase transformation temperatures by software simulations is shown in 
Figure 5.7 a) and b) for JMatPro® and Thermo-Calc packages, respectively. Both software shows 
very similar results on the phase transformation temperatures at thermodynamic conditions. A3 
was defined as 832ºC by JMatPro® and 835ºC by Thermo-Calc, whilst A1 is predicted to be 665ºC 
for both software. In addition, it was observed that most of the alloying elements are in solution at 
temperatures above 1220ºC except for the MN compound that remains stable in a quantity less 
than 0.02%. It is important to remark these temperatures are established for thermodynamic steady 
conditions. 
The CCT diagram for the CP800 steel (Figure 5.8) was calculated with the JMatPro software 
under the conditions of the dilatometry experiments, i.e., austenitization temperature of 1000 °C 
and PAGS of 45 μm. As dilatometry tests showed, the cooling rate has a direct effect on the γ→ɑ 
transformation temperature. Dilatometry data was added to the CCT diagram and are marked as 
red asterisks. The Ar3 temperatures obtained in the dilatometer are in the range of those calculated 
by JMatPro for the different cooling rates.  
 
Figure 5.6 Phase transformation measured by dilatometry for CP800 cooled at 10 °C/s. 
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Table 5.3 Estimation of Ar3 for the CP800 chemical composition and initial PAGS of 46 μm.    
Author 
Cooling rate (°C/s) 
Notes / Useful ranges 
0.1 1 10 20 
Choquet 
[115] 
760 °C Do not consider cooling rate 
Mintz [116] 653 °C 647 °C 584 °C 514 °C 
Mn (0.3 – 1.6 %), grain size 
(70 – 950 μm), and cooling 
rate (0.4 – 3 °C/s)  
Mintz 2 [116] 623 °C 618 °C 568 °C 512 °C Nb (0 – 0.042 %) and cooling 
rate (0.1 – 3 °C/s)  
Sekine [63] 713 °C Do not consider cooling rate 




837 °C 771 °C 686 °C 657 °C 
Nb (0 – 0.038 %) and cooling 
rate (0.5 – 30 °C/s) 




Figure 5.7 Thermodynamic equilibrium diagrams calculated by a) JMatPro and b) Thermocalc 




Figure 5.8 Continuous Cooling Transformation diagram from JMatPro® for the CP800. 
Austenitisation temperature: 1000 °C, PAGS: 45 μm. Red asterisks represent actual dilatometry 
measurements. 
 
5.3. Recrystallization-Stop Temperature (T5%) 
 
As defined before, the recrystallization-stop temperature (T5%) is the maximum temperature at 
which no more than 5% of recrystallization is observed in austenite grains at certain deformation 
conditions. 
T5% was determined through the evaluation of two different methodologies: Double hit tests to 
measure the fraction softening and the observation of the PAGB on the microstructure. 
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5.3.1. Flow Stress of Double and Single Hit Tests  
Flow stress curves of single and double hit tests corresponding to deformation parameters of set 1 
are shown in Figure 5.9 for the temperatures 920°C, 950°C, 980°C and 1000°C. The initial stress 
value in each of the tests is an indicator of the yield stress at that specific temperature. At higher 
temperatures, less load is required to deform the material [142]. At 1000°C the maximum stress is 
about 200 MPa whereas at 920°C the maximum stress in the curve is up to 250 MPa. The 950°C 
single and double hit tests show a discrepancy at the start of the curve i.e. the strain of the first 
pass. This difference could be minimized by adjusting the friction coefficient but, since all tests 
were analysed with a friction coefficient of 0.25 (used for the Boron Nitride [143]), the softening 
analyses were done using this value although the amount of lubricant applied on the specimens 





Figure 5.9 Flow stress curves of single and double hit tests at 920 °C, 950 °C, 980 °C and 1000 
°C. Deformation parameters of set 1: total strain 0.5, interpass time 20 s, strain rate 10 s-1 
 
T5% was also calculated with different deformation parameters to consider the effects of interpass 
time and the total strain. The interpass time changed from 20 s to 4 s for the deformation parameters 
of set 2, keeping all other parameters constant. Double hit tests were performed at 980°C, 1000°C 
and 1020°C, the measured flow stress is plotted in Figure 5.10. For the single pass at 980°C and 
1000°C, the data was taken from the single pass tests of set 1, whilst on the 1020°C, the single 
pass was extrapolated from the first pass of the double hit test. In set 2, none of the double hit tests 
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reached the strain of 0.25 in the first pass, however, the actual strain was considered for the 
softening analysis.  
 
 
Figure 5.10 Flow stress curves of single and double hit tests at 980°C, 1000°C and 1020°C. 
Deformation parameters of set 2: total strain 0.5, interpass time 4 s, strain rate 10 s-1 
 
Then, double hit tests were done with the deformation conditions of set 3, i.e., interpass time of 4 
seconds and an increasing in the strain per pass to 0.4 setting a total strain of 0.8. The strain rate 
remained constant at 10 s-1 and the deformation temperature was set to 980°C and 950°C. These 
parameters are closer to the conditions used in industrial practice. Flow stress curves of 
deformations corresponding to set 3 are plotted in Figure 5.11. There were no single pass tests 
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done for set 3 with a total strain of 0.80. For the 980°C, the first pass on the double hit test was 
extrapolated to calculate the softening. In the case of the 950°C, the single pass was done with a 
strain of 0.40 and then it was extrapolated to measure the % softening. 
 
 
Figure 5.11 Flow stress curves of double hit tests at 950°C and 980°C. Deformation parameters 
of set 3: total strain 0.8, interpass time 4 s, strain rate 10 s-1 
 
5.3.2. Fraction Softening calculations 
 
The softening percentage on double hit tests for the deformation conditions of set 1, set 2 and 
set 3 were calculated with the methods mentioned in Table 4.5 and are summarized in Figure 5.12. 
In some tests, such as the double hit at 920°C of set 1, the deformation of the first pass does not 
reach the strain of 0.25 that had been set in the machine. Thus, the total strain was not 0.5 as 
planned. However, the softening analysis by the method of the area under the flow curve, only 
consider the same deformation for both passes. For example, in the case of the double hit test at 
980°C of set 2, where the first pass only reaches a strain of 0.23 instead of 0.25, the area under the 
flow curve considered for the first pass was from 0 to 0.23, and for the second pass from 0.23 to 
0.46 in strain. 
Sometimes tests were not executed as programmed on the TMC machine. This can be attributed 
to different factors such as the alignment of the tools, lubricant thickness, or oxide layer on the 
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tools. As there were limited PSC specimens of CP800 for T5% double hit calculations, softening 
analysis were carried out with the actual values of the deformation parameters during the tests. 
Some tests diverse from the established strain per pass, as can be observed on the flow stress 
curves. And more rarely, and as the temperature range of tests is narrow, recorded temperature by 
thermocouple during the deformations was slightly off of the target causing inconsistency on the 
overall analysis of the softening calculations. 
 
 
Figure 5.12 Softening % of double hit tests at different deformation temperatures. Set 1: ε=0.25; 





5.3.3. Microstructure evaluation of Double and Single Hit Tests 
 
The characterization of the prior austenite grain was done in each of the deformed samples. 
This would also validate the recrystallization-stop temperature as determined by the fractional 
softening behaviour previously described. Figure 5.13 shows the microstructures of the deformed 
specimens for single and double hit tests for deformations parameters of set 1. The specimens 
deformed at 920°C, 950°C and the double hit test at 980°C show completely elongated austenite 
grains. Partial recrystallization structure begins to be detected in the single pass tests at 980°C and 
1000°C, as well as the double hit test at 1000°C.  
The microstructure details, shape and size of the grains, of the single and double hit tests are 
summarized in Table 5.4 and Table 5.5. Table 5.5 only shows measurements from the non-
recrystallized structure and fully recrystallized austenite. Single pass tests of set 3 were done for a 
total strain of 0.40 and, after the deformation, the specimens were held at the deformation 
temperature for 4 seconds followed by water quench. 
The average distance in between the PAGB caused by an accumulated strain of 0.5 in the non-
recrystallized conditions is 20 μm in the direction perpendicular to the rolling and 80 μm parallel 
to the rolling direction, resulting in a grain aspect ratio of 4. The double hit test at 950°C of set 1 
has a slightly shorter distance in between PAGB perpendicularly to the rolling direction. This is 
explained by the strain accumulation which, specifically in this test, was 0.53, a little higher than 
expected. The microstructures of PAGB corresponding to double hit tests of set 2 are shown in 
Figure 5.14, fully recrystallized structure is present in temperatures above 1000°C with PAGS of 
14 μm and aspect ratio of 1.2, even though the strain on the first pass reached only 0.21 on 1000°C 
and 1020°C tests. There is partial recrystallization of 19% on the double hit at 980°C when the 
maximum strain in the first pass was 0.22. In deformation conditions of set 3 (Figure 5.15), 
deformations taking place at 980°C shows completely recrystallized austenite, the double hit tests 
measured a strain of 0.36 on the first pass and 0.78 accumulated strain whilst on the single pass 
test the maximum strain was 0.36. The partial recrystallization of 17% is present at 950°C in single 
pass test with a strain of 0.36 and in the double hit test, there is 8% recrystallized fraction with 








Figure 5.13 Prior Austenite Grain Boundaries of single and double hit deformed specimens at different temperatures. Deformation 







Figure 5.14 Prior Austenite Grain Boundaries of double hit tests at different temperatures. 
Deformation parameters of set 2: total strain 0.5, interpass time 4 s, strain rate 10 s-1 
 
 
Figure 5.15 Prior Austenite Grain Boundaries of single and double hit tests at different 





















950 °C Non-recrystallized Non-recrystallized 
920 °C Non-recrystallized Non-recrystallized 
Set 2 
1020 °C - Fully recrystallized 
1000 °C - Fully recrystallized 






















 ┴ to RD (μm) 
Set 1 - 
Single 
Pass 
920°C 53 ± 36 6 ± 2 4.5 86 ± 60 19 ± 3 
950°C 53 ± 32 6 ± 2 4.4 86 ± 50 19 ± 3 
Set 1 - 
Double 
Hit test 
920°C 46 ± 27 6 ± 2 3.6 71 ± 42 20 ± 3 
950°C 47 ± 22 6 ± 2 4.1 76 ± 6 18 ± 3 
980°C 43 ± 18 6 ± 1 2.9 65 ± 22 22 ± 3 
Set 2 - 
Double 
Hit  
1000°C 14 ± 3 9 ± 0.5 1.2 - - 
1020°C 15 ± 2 9 ± 0.4 1.2 - - 
Set 3 – 
Single 
Pass 









T5% was also calculated for CP800 from the equations of different authors (Table 4.6) to compare 
with the experimental results [144]. These estimations are presented in Table 5.6. Bai, Militzer 
and Dutta calculations are in the same range. Boratto’s prediction has a gap of around 150°C in 
comparison with the others. All equations show the effect of the alloying elements on the 
recrystallization-stop temperature except Dutta & Palmiere, which only consider the amount of the 
applied true strain. 
 
Table 5.6 T5% estimation for the CP800. 
Author T5% CP800  
Boratto et al. [130] 1100 °C 
Bai [131] 943 °C 
Fletcher [132] 993 °C 
Militzer [133] 947 °C 








5.4. Hot Rolling Simulation  
 
Hot rolling simulation was performed on the TMC machine for the CP800 according to the 
thermomechanical processing route designed in Figure 4.13. T5% was defined as 950°C following 
the softening percentage analysis, double hit test microstructures and the empirical equations for 
deformation conditions of set 3. A3 was set to be 830°C as specified by the steady state conditions 
of simulation software, although it is expected that Ar3 is lower due to the cooling rates applied 





5.4.1. Microstructure Evolution of Deformed Austenite 
 
The evolution of austenite during thermomechanical treatment is observed in Figure 5.16. TMP 
consisted of reheating the PSC specimen up to 1150°C at a heating rate of 10 °C/s, holding at 
1150°C for two minutes and then cooling at 20 °C/s to the first pass deformation temperature, 
which is 950°C (Figure 5.16 A). The PSC specimens were quenched after 4 seconds of each 
deformation pass, i.e., just before the consecutive pass. The first deformation pass took place, with 
a total strain of 0.4 and a constant strain rate of 10 s-1, to lower the temperature to the next 
deformation pass, 920°C, over a period of 4 seconds (Figure 5.16 B). After the second pass of 0.3 
strain, the specimen was cooled to the next deformation temperature, 890°C, in 4 seconds (Figure 
5.16 C). Consequently, after 4 seconds from the third pass of 0.2 strain at 890°C, another specimen 
was quench (Figure 5.16 D). Finally, Figure 5.16 E) shows an immediately quench specimen after 
the fourth pass of the TMC schedule. 
Condition A) shows an equiaxed austenite grain structure with an average grain size of 38 μm. 
This condition has a PAGS slightly smaller than the as-received transfer bar condition. This is 
indicative of the austenite grain refinement due to thermal cycling even when it had one cycle 
[145, 146]. The condition B) shows a partial recrystallized structure of 19% which is in accordance 
with the results of single hit tests of set 3 at 950°C. It is important to recall T5% was derived from 
the softening calculations of double hit tests. The microstructure of condition C) clearly shows a 
decrease in recrystallized fraction but there are still some equiaxed grains in the centre and the 
elongated grains have a higher aspect ratio than in the previous condition. From the third pass, or 
condition D) onwards, there is no longer evidence of recrystallization in the microstructures, the 
austenite grains are completely elongated. The areas that look darker in the microstructure is 
because the distance between grain boundaries is too short. In the condition E), with the strain 
accumulation of 1.1, the distance between PAGB perpendicular to the rolling direction reaches 
values of 3 μm. 
The deformation passes had an expected behaviour since in each of them was observed work 
hardening because the deformation temperature was decreasing in each pass. The first pass 
finished with the stress of around 200 MPa, the second pass at 920°C had maximum true stress of 







Figure 5.16 Flow stress curves and microstructure evolution of austenite during TMP 
 
5.4.2. Finishing Rolling + Runout table simulation 
 
Once the steel strip goes out from the finishing mill, it needs to follow a controlled cooling 
strategy to obtain the appropriate microstructure for the desired mechanical properties. The initial 
microstructure on the runout table would be the final microstructure on the finishing mill. As 
revealed in the previous section, the microstructure after the 4-pass schedule has elongated 
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austenite grains. In this work, the controlled cooling simulations includes an isothermal step at a 
specific temperature during cooling as was already described in Table 4.7.  The flow stress curves 
along with their corresponding microstructure of the controlled step cooling conditions are shown 
in Figure 5.17.  Flow stress behaviour should not be different in these tests since the deformation 
passes in each of them are the same. However, controlled cooling will define the final 
microstructure. Actual measurements during the TMP schedule and the run-out table simulation 
are specified in Table 5.7 and Table 5.8, respectively. The optical microscope was not suitable to 
get the detail of the product phases. Strain accumulation was observed at the centre of the 
specimen, while near the surface, where the tools were in contact during the deformation, seems 
that there is no strain due to the equiaxial shape of the grains. Generally, at the higher strain zone, 
microstructures show deformation bands oriented in the rolling direction. These microstructures 
were observed at higher magnifications by SEM and TEM, which will be shown and explained in 
Section 5.5. 
There is an atypical behaviour observed in the flow stress of the fourth pass of tests SC3 and 
SC5. This variation is due to the instability of the strain rate during this pass. This is a consequence 
of the higher friction during this pass as the lubrication between the specimen and the tools get 







Figure 5.17 Flow stress and corresponding microstructure of specimens that follow the full TMP 







Table 5.7 Actual measurements of strain and temperature per deformation pass of the specimens 
with the full TMP schedule 
Test 













SC1 0.39 963 0.71 922 0.93 890 1.14 848 
SC2 0.41 957 0.75 918 0.97 885 1.19 847 
SC3 0.38 953 0.71 918 0.92 885 1.13 823 
SC4 0.37 958 0.69 920 0.90 888 1.1 826 
SC5 0.37 952 0.69 917 0.90 885 1.1 823 
 
 
Table 5.8 Actual measurements during cooling on specimens of full TMP schedule. Cooling rate 
1 consider from the last deformation pass until the holding temperature. Cooling rate 2 includes 










SC1 92 550°C 13  348 
SC2 98 500°C 13  334 
SC3 158 555°C 13  270 
SC4 87 493°C 13 263 
SC5 - 500°C ≈ 60 - 
 
 
5.5. Identification and Quantification of Transformation Products 
 
 
The mechanical properties of steels are related to its microstructure. Thus, it is of vital importance 
to be able to identify and quantify the phases that are present in the microstructure. The final 
microstructure of a hot-rolled steel sheet is developed considering different factors, mainly its 
chemical composition and the thermomechanical processing schedule to which it was subjected. 
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As mentioned earlier, complex phase steels generally consist of a combination of ferrite, bainite, 
and martensite, and under certain conditions, relatively small amounts of retained austenite may 
be present in the steel. 
The microstructures of specimens that followed the full TMP schedule and controlled cooling 
were observed under SEM and TEM. SEM microstructures are shown in Figure 5.18, the rolling 
direction is parallel to the horizontal axis. The deformation bands are clearly revealed in some of 
these microstructures, such as in SC3 and SC5. The dark equiaxial grains, more predominantly 
seen in SC4, are considered as polygonal ferrite grains by their morphology and size. Bright spots, 
which are observed in the grain boundaries in SC1, SC4 and SC5 could be an indicator of the 
presence of MA constituents, while in SC2, the bright zones have different internal morphology, 
like needle shape, which is characteristic of martensite and are not necessarily located on the grain 
boundaries. SC3 shows a lamellar structure in the deformation bands. This microstructure is 
mainly composed of bainite and martensite. 
 
 




Quantification of phases by TEM is complex and limited due to the small volume observed in the 
thin foil. However, the thin foils observed by TEM can confirm the presence of the expected 
phases. Features of bainitic ferrite can be found in SC2 (Figure 5.19). This microstructure consists 
of a parallel lath-like shape free from carbides in the ferrite with a considerable amount of 
dislocations between the laths. Some lath boundaries look darker, which indicates a higher carbon 
concentration in the remained austenite during the transformation, a characteristic of upper bainite 
[147, 148]. SC3 shows a complex structure, with some plate shape but also equiaxial grains (Figure 
5.20). Figure 5.21, corresponding to SC4, clearly shows martensite areas and accumulation of 
dislocations at the grain boundaries. All specimens had dislocations, but the SC5, in Figure 5.22, 
seems to be the specimen with the highest dislocation density, within and at the grain boundaries.  
 
 















Figure 5.22 TEM images of SC5 
 
Extra SEM and TEM images of the step cooling specimens can be found in Appendix I. 
Same specimens were analysed by EBSD to define the phases and measure their volume 
fraction. It should be mention that for the EBSD analysis, all collected data had a minimum of 
85% of indexing rate. Subsets were created for every sample to focus on a specific area to avoid 
pixels with scratches or obvious defects with many mis-indexed points. Before constructing the 
maps, the noise reduction function was performed on every subset. There are two types of noise 
reduction: the wild spikes and the zero solutions. Initially, wild spikes function was applied to the 
subsets. This function will identify and correct indexed pixels that do not correspond to their 
environment. For example, when there is a single pixel that does not match with their surroundings, 
this function changes this pixel for one that fits with its neighbours. After that, noise reduction 
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with the zero solutions command can be applied at different levels. This command identifies non-
indexed pixels and converts them into indexed pixels according to their environment. The lowest 
level of noise reduction of the zero-solution filter consists on converting the non-indexed pixels 
that have the most indexed pixels around them, the maximum surrounded indexed pixels is 8. The 
determination of those non-indexed pixels is the result of the average of their surrounding indexed 
pixels. This filter was applied from the lowest level until the non-indexed pixels reach values below 
0.5%. This was commonly got with the 5 neighbours level.  
The maps types constructed for the analysis were Band Slope (BS), Band Contrast (BC) also 
referred as Image Quality (IQ) and the Inverse Pole Figure (IPF). Filters of Grain Orientation 
Spread (GOS), and grain characteristics as grain boundaries, grain size and aspect ratio were 
applied to these maps to identify different phases in the specimens. The maps constructed for the 
analysis of SC3 are shown below, along with the criterion used for the detection of phases. The 
EBSD maps corresponding to the rest of the specimens that followed the full TMP schedule can 
be found in Appendix II. All specimens followed the same criteria for phases segmentation.  
BS and BC are parameters related to the quality of the Kikuchi pattern [149]. BS is the 
maximum intensity gradient between the Kikuchi band and the background, while the BC or IQ is 
the average intensity of the Kikuchi band with respect to the intensity within the pattern [149, 150]. 
Tango software in Channel 5 package creates these two maps on a black and white scale that goes 
from 0 (white) to 255 (black), assigning a colour to each pixel depending on the value of BS or 
BC. BS and BC maps for SC3 are shown in Figure 5.23. The lower the value of BS or BC means 
that the pattern is similar to the solution defined by the software. In this case, the software was 
only looking for BCC and FCC crystal structures. On the other hand, when BS or BC value is high 
(darker pixels) indicates that the structure detected does not fit exactly to the solution within the 
software. As most of the indexed pixels were indexed as BCC structure, darker pixels in BS or BC 





Figure 5.23 a) BC map, GB = 5° and b) BS map of SC3 and their distribution of pixels  
 
EBSD analysis can be performed based on pixel or grain detection. In this work, the detection 
of grains was performed by the delimitation of a selected misorientation angle, once all the grains 
have been detected, they were classified depending on their corresponding phase. The criteria to 
define a grain was a misorientation angle greater than or equal to 5° and that the minimum area of 
a grain must be higher than 10 pixels or 0.4 µm2. 
 The phase discrimination was carried out as follows. Initially, retained austenite was simply 
identified by its FCC crystal structure which was automatically detected by the EBSD system.   
It is known that martensite has a body-centered tetragonal (BCT) crystal structure and the lattice 
parameter a/c ratio depends on the carbon content. However, the detection of structures in the 
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EBSD system will index BCT structure as a distorted BCC and, consequently, with poor quality 
of the pattern. Therefore, a threshold value is applied to the BS or BC map to differentiate 
martensite from the rest of the BCC structures. Since BS and BC values are assigned per pixel, 
meaning that there is a range of BS or BC values within a grain, all the pixels inside a grain are 
averaged to define the BS or BC value of the grain. According to the above, in a BS or BC map, 
the darker grains tend to be martensite and the brighter grains could be classified as ferrite [151]. 
Grain averaged BC is used to separate martensite from ferrite [152, 153]. The threshold value of 
the averaged BC grain chosen for the separation of martensite depends on the BC distribution in 
each of the subsets. Figure 5.24 shows the grain averaged band contrast map and its distribution 
of SC3. Pixels in red colour are filtered as indexed FCC structure, i.e. retained austenite.    
 
 
Figure 5.24 Grain averaged Band Contrast map of SC3. GB = 5° and its distribution 
  
One of the differences between the bainitic ferrite and polygonal ferrite is the dislocation 
density or defects within the grains. One method to distinguish the bainitic ferrite from polygonal 
ferrite in EBSD maps is through the Grain Orientation Spread (GOS) component. GOS refers to 
the degree of orientation change between every pixel in the grain and the average misorientation 
within a grain [154]. GOS map and the distribution for the SC3 is represented in Figure 5.25. Thus, 
when a grain has a high GOS value means that there is a great level of misorientation within that 
grain. This could be indicative of a phase that has many defects or a product of a displacive phase 
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transformation, such as bainitic ferrite. Opposite, a low GOS indicates there is no internal 
misorientation in that grain, which is characteristic of a clean and well-arranged phase like 
polygonal ferrite. This can be better observed by drawing the low angle grain boundaries with 
minimum misorientation of 2° as shown by the blue lines in Figure 5.26. These low angle grain 
boundaries can be related to substructures in the bainitic grains [155, 156], which also coincides 
with the grains with higher GOS values. The threshold GOS value to separate bainitic ferrite from 
polygonal ferrite will depend on the distribution of GOS value in the subset of each specimen but 
for deformed specimens it has to be in the range from 1 to 1.25 [157, 158]. Furthermore, another 
characteristic of the polygonal ferrite is the low aspect ratio compared to bainitic ferrite and 
martensite [159]. Besides from GOS, an aspect ratio constraint was applied to the grains, so that 
polygonal ferrite grains should not have an aspect ratio greater than 1.7. The grains with low GOS 
values (in blue) coincides to have an equiaxial shape or very low aspect ratio and also have 
relatively small grain size.  
 
 





Figure 5.26 Grain Boundaries Misorientation map of SC3 and the misorientation distribution. 
Black lines represent misorientation higher than 5° and blue lines from 2° to 5° 
 
The IPF map (Figure 5.27) of the deformed specimen under non-recrystallization conditions of 
austenite following a controlled cooling shows that the longitudinal plane describes a texturing in 
the [111] direction of the BCC. The deformation bands that correspond to the same orientation on 
the IPF map coincide with the low angle grain boundaries, which is also an indicator of a displacive 
phase transformation [160]. It can also be observed that within the deformation bands, the low 





Figure 5.27 Inverse Pole Figure map of SC3 and the orientation code 
 
The maps with the segmented phases using the criteria already described for all the specimens 
that followed the complete TMP schedule are shown in Figure 5.28. The red phase represents 
retained austenite, black grains represent martensite while blue grains denote bainitic ferrite and 
lastly, grains coloured in yellow represent polygonal ferrite. The phases were quantified based on 
the area of the grains and the results are shown as phase percentages in Table 5.9. The white spots 
in the maps of phases were not classified as any of the phases. One of the reasons is that these 
spots do not meet the designated criteria to define a grain, which is to have a misorientation higher 
than or equal to 5° and to have an area of at least 10 pixels. Sometimes these data points are 
classified as pseudosymmetries, which are considered as errors in the indexing data points. 
Pseudosymmetry quantification was obtained from the misorientation profile of each specimen. 
Pseudosymmetries are reported to have a misorientation of 30° and 60° and can be related to the 
quality of the specimen preparation or the quantity of Kikuchi bands used for the indexing 
procedure [161]. The specimen that was immediately quenched after the last pass presented the 




Figure 5.28 Maps of phases segmentation of a) Quench after 4th pass, b) SC1, c) SC2, d) SC3, e) 
SC4 and f) SC5. Colour representation: Red = Retained Austenite, Black = Martensite, Blue = 
Bainitic Ferrite and Yellow = Polygonal Ferrite 
 









Quench 53.0 32.8 8.6 0.3 5.4 
SC1 33.8 35.8 27.1 1.3 0.5 
SC2 28.1 48.7 15.7 2.4 0.4 
SC3 22.6 61.4 12.4 0.3 2.4 
SC4 39.0 34.4 22.3 0.3 3.1 






5.6. Mechanical properties evaluation 
 
Microhardness Vickers test was only evaluated on SC3 with 13 measurements which varies from 
277 to 451 HV/0.01 with an average of 353 ± 44 HV/0.01. This variation is because the indentation 
left on the specimen is larger than the grains of the phases in the microstructure. Therefore, 
different phases were considered in a single microhardness measurement. This is better explained 
in Figure 5.29, an SEM image showing one of the indenter marks covering bright and dark areas 
corresponding to different phases on the microstructure where the microhardness was measured. 
The tensile strength of the material cannot be properly estimated due to the low load applied during 
the tests [162]. Nevertheless, if a greater load (1 kgf) had been applied in this test, the Vickers 
hardness value got for this specimen would suggest a tensile strength of 1146 MPa [163, 164]. 
 
 






The evaluation of mechanical properties for each of the phases needed lower loads applied into the 
specimen, so the indentations can fit in a single phase on the microstructure. Nanoindentation 
analysis was carried out in SC3 and SC5. Topography images together with nanohardness 
measurements are shown in Figure 5.30 for SC3 and in Figure 5.31 for SC5. The analysed area of 
SC3 was 100 µm2 while in SC5 was 225 µm2. The contrast in the images indicates the depth in the 
surface of the specimen, the darker area means the cantilever went deeper, and the brighter areas 
indicate heights of up to 200 nm. Different features in the microstructure were named as a dark 
matrix, light block smooth, light block rough and light lamellar. According to the hardness values 
and morphology of the features, the dark matrix can be considered as ferrite as it is the feature with 
the lowest hardness values.  
 





Figure 5.31 AFM image of SC5 along with the nanohardness measurements for different features 
in microstructure 
 
Since the bright areas indicate height, they can be considered as displacive phases as they form a 
relief on the surface after the transformation [165, 166]. The differences in height can also be 
attributed to the chemical reaction during the electropolishing in the sample preparation. This 
reaction preferentially attacks the ferrite structure, causing the lower heights with respect to other 
phases [167, 168]. Another characteristic of the displacive phases, such as martensite and bainite, 
is their higher hardness compared to the reconstructive phases, which coincides with the reported 
nano-hardness values. In the case of the SC3, the light-block smooth areas have low hardness 
values and are normally located next to the lightest rough areas, which are considered as martensite 
due to the height and hardness. Martensite, a displacive transformation, can influence the height 
of its surrounding phases, for example, ferrite. The hardness of the light lamellar structures has a 
considerable gradient in their values. Since the lamellar structure is high, one of the thoughts is 
that the thickness of the structure is narrower than the indenter and the indenter may not have had 
solid contact with the structure affecting the hardness measurement. 
The tensile flow stress of controlled step-cooling specimens is shown in Figure 5.32. Table 5.10 
indicates the mechanical properties of each specimen. Since last deformation pass on SC3 was 
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carried out at a lower temperature, this is the strongest specimen but at the same time is the less 
ductile. SC5 could not reach 800 MPa in UTS but it had the best elongation behaviour. This is 
because of the longer holding time during the step cooling. All specimens present their maximum 
stress at around 0.05 of strain. The Young’s modulus is in the correct range of 200 GPa 
corresponding to steel. Ductility in all specimens presented elongations from 19 to 25% while the 
reduction of area is between 44 and 64%.  
 
 







Table 5.10 Mechanical properties calculated from the tensile tests 
Specimen UTS (MPa) YS (0.2%) (MPa) E (GPa) % EL % RA 
SC1 810.3 626.8 203.3 21.7 64.4 
SC2 826.4 643.0 208.9 22.5 49.7 
SC3 878.5 665.3 196.4 18.9 44.1 
SC4 804.7 684.3 204.6 25.3 51.6 
SC5 788.3 572.0 196.8 24.9 60.7 
 
According to the tensile tests and volume fraction of phases, bainite is the microconstituent that 
has the greatest influence in the mechanical properties of the CP800.  








6.1. Effect of Prior Austenite Grain on Final Product 
 
The initial microstructure is an important factor to predict the final structure after a certain 
thermomechanical process [43]. The thermomechanical processing of steel plates is divided into 
several stages. The deformation stages are the roughing and finishing. The roughing is carried out 
at high temperatures and normally a high degree of strain is applied per pass causing ideal 
conditions for recrystallization of the austenite grains. In this research, the condition of the as-
received material was quench after roughing, so only the effect of austenitic grain during finishing 
rolling was considered.  
Microstructures and XRD indicate that the as-received condition for the CP transfer bar has a 
homogeneous structure with no presence of large precipitates. The prior austenite grain size 
confirms that the rough rolling took place at conditions where fully recrystallization occurs due to 
the equiaxed shape and size of the austenite grains. It is known that the austenite grain refinement 
will increase the final mechanical properties due to the finer product [56, 57, 72] so that the 
austenite grain size is an important factor to control during the thermomechanical processing [145]. 
Austenitic grain size directly influences the critical processing temperatures. In the case of the 
Ar3 temperature, the smaller the grain, or higher density of austenite grain boundaries, the CCT 
curve shifts to the left due to the increasing number of nucleation sites for a transformation product. 
Thus, a greater supercooling is required to quench the material. Both, the initial austenite grain 
size and the amount of strain accumulation in the slab impact to the extent of the Sv parameter.  
Finishing passes should be carried out at temperatures below T5% to have better mechanical 
properties [67]. The purpose of this is to generate strain accumulation without recrystallization of 
austenite and a greater dislocation density.  This will produce larger Sv, which is the ratio of grain 
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boundary area per unit volume, causing high driving force and increasing the nucleation sites for 
recrystallization or phase transformation to either ferrite or bainite [54, 169]. 
The importance of deformation in the non-recrystallization region lies in the division of the 
austenite grains into several blocks as a result of the introduction of dislocations and deformation 
bands into the grains. The nucleation sites for new phases are generally areas with a high density 
of defects, such as grain boundaries. Therefore, a greater amount of grain boundaries, or high Sv, 
combined with high-energy sites such as dislocations, is beneficial to facilitate the desired phase 
transformation at controlled cooling rates. In addition, the fine austenite microstructure will limit 
the grain size of the transformed products, which gives an additional advantage since the finer 
grains increases the strength of the material.  
 
6.1.1. Defining T5% 
 
The recrystallization-stop temperature (T5%) is the maximum temperature at which no more 
than 5% of recrystallization in austenite grains is observed at certain deformation conditions. T5% 
varies with the chemical composition and the TMP parameters. The main TMP parameters 
affecting T5% includes the strain per pass and the interpass time, but also the strain rate can 
influence on the determination of T5% 
 For deformation parameters corresponding to set 1, the signs of recrystallization start to be 
observed in the single pass test at 980°C, the structure consists of a combination of recrystallized 
and elongated grains (see Figure 5.13). It is thought that the recrystallized grains were formed after 
the deformation but before quenching, this period is about 1 second. This statement comes from 
the flow stress curve, where no dynamic recrystallization behaviour is observed, the same situation 
is presented in the specimen deformed in the single pass at 1000°C.  
On the other hand, on the double hit test at 1000°C of set 1, some grains recrystallized during 
the 20 seconds of interpass time. Although the single and double hit tests at 1000°C have the same 
total strain of 0.5, the recrystallized fraction differs. The recrystallized fraction in double hit test 
at 1000°C is less than the single pass at the same temperature because the static recovery process 
started during the 20 seconds of interpass time, where there was a rearrangement of dislocations 
which causes no further recrystallization to happen. This analogy also applies for the tests of set 
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3, with the difference that there should be a higher recrystallized fraction in set 3 tests at the same 
temperature as set 1 because set 3 tests were subjected to a higher amount of strain per pass.  
In set 2, it is until double hit deformations at 980°C that a partially recrystallized structure is 
observed. By comparing the double hit tests at 980°C of set 1 and 2, it is observed that for a shorter 
interpass time, there is a higher percentage of recrystallized fraction, this is because there is not 
enough time for the dislocations rearrangement that makes that the static recovery process to not 
complete. This causes a higher driving force for the second pass which encourages recrystallization 
to take place. 
The overall softening between passes is attributed to both recovery and recrystallisation, which 
are the main restoration mechanisms during TMP. None of the methods described in Table 4.5 to 
calculate the softening in double hit tests followed as expected. The softening must increase when 
the deformation temperature is higher. In each of the methods, there is one temperature that does 
not comply with this. This could be explained because of the slight difference between the total 
strain at the first and second pass on each of the tests, as was explained in Section 5.3.2. 
Nevertheless, offset 2% method (Method C) was the closest to the expected behaviour so that this 
method was chosen for a better reference. The softening calculations with the 2% offset method 
have been plotted in Figure 6.1 for all sets at different temperatures, where T5% and T95% are also 




Figure 6.1 Softening percentage calculated by method C for the 3 sets of double hit tests. T5% 
and T95% are represented as 20 and 60% softening 
 
Even though the softening on the 1000ºC of set 1 was around 63%, a bit higher than the 
softening established for fully recrystallized structure, the microstructure still shows some 
elongated grains. The non-recrystallized fraction in this condition does not exceed 50%. Similar 
situation with the double hit at 980°C, the softening fraction indicates partial recrystallization in 
the structure but in fact, the microstructure of this conditions shows completely elongated grains.  
The softening percentage calculated for set 2 at temperatures of 1000°C and 1020°C suggests 
that the morphology of the austenitic grain should be partially recrystallized, the microstructures 
show a completely equiaxed grain shape with PAGS of 14 μm and aspect ratio of 1.2. Aspect ratio 
close to 1, along with the small grain size, suggest that the austenite experienced complete 






Although T5% can be calculated for different deformation conditions, the critical temperature to 
focus in is going to be with the processing parameters of set 3, which is the most representative of 
hot rolling in industrial practice. According to the overall softening of double hit analysis and the 
PAGB microstructures, T5% for set 3 can be defined as 950°C. The austenite structure of this 
condition has only 8% of recrystallized grains, while at 980°C, the austenite is completely 
recrystallized. A gradient in deformation temperatures of 30°C at a high amount of strain is more 
than enough to drastically change the microstructure. This is not exclusive for this type of steels 
as Dutta and Palmiere [120] showed that the temperature gradient between T5% and T95% becomes 
smaller when increasing the strain, as schematically shown in Figure 6.2. 
 
 
Figure 6.2 Temperature gradient between T5% and T95% as a function of strain per pass [120] 
 
The observation of PAGB is the most trustful method to detect the presence of recrystallization, 
leaving the overall softening calculations and the analysis of flow stress just to get a hint of the 




6.1.2. Precipitation vs Recrystallization 
 
Precipitation of niobium carbonitrides Nb(CN) alters the recrystallization conditions in the 
austenite during hot rolling processing. Precipitation and recrystallization are competing 
processes. The first process to appear will depend on the processing conditions. As explained 
earlier, the recrystallization will take place when the driving force or stored energy of deformation 
is high enough for the restoration mechanism, this is favoured with high temperature and high 
deformation. By the opposite, there is a lower limit on the processing temperature where the 
driving force for precipitation encourages the formation of niobium carbonitrides before the start 
of recrystallization. It has been reported [170] that a high concentration of Nb leads to an increase 
in the volume fraction of lath bainite and (Nb,Ti)C particles, both are beneficial to improve the 
strength by microstructure refinement and phase strengthening. 
The time for the start of precipitation and recrystallization mechanisms after a deformation pass 
can be simulated with the empirical model shown below and explained in [128, 171-173]. This 
model predicts which phenomena will occur first during the interpass time between deformations 
at specified conditions. The time for 5% of precipitation can be estimated by Eq.8 
 
 𝑡0.05 =  3 × 10









Where t0.05 is the time for 5% of precipitation in seconds, [Nb] is the concentration of niobium in 
wt%, ε is the strain of the deformation pass, Z is the Zener-Hollomon parameter already described 
in Section 3.2.2, Eq. 1, R is the gas constant in joules per K·mole, T is the absolute temperature 
and Ks is the Nb(C,N) supersaturation ratio, which is defined as the ratio of the actual amount of 
Nb in solid solution to the equilibrium amount and can be calculated with the Eq. 9. Figure 6.3 















Figure 6.3 Precipitation start time-temperature curves for different amounts of strain from 0.20 
to 0.80 
 
The time for 5% static recrystallization, t0.05x, can be expressed by the Eq. 10 as: 
 
 








− 185) [𝑁𝑏]} (10) 
 
 
where d0 is the initial austenite grain size before deformation. Finally, the time to get 95% of static 
recrystallization (t0.95x) in the structure can be calculated from the Johnson model for the volume 
fraction of recrystallization that is given by Eq. 11, where X represents the recrystallized fraction, 
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t is the time in seconds to achieve the X recrystallized fraction. By substituting X for 0.95 in Eq 
11, corresponding to the 95% of recrystallization, t0.95x can be simplified as a function of t0.05x as 
shown in Eq. 12: 







 𝑡0.95𝑥 =  7.66 × 𝑡0.05𝑥 (12) 
 
 
The time for the start and complete recrystallization will change depending on the amount of strain 
applied in a deformation pass. This can be better observed in Figure 6.4 a) and b). 
 
 
Figure 6.4 Recrystallization time-temperature curves for a) start 5% of recrystallization and b) 
complete 95% of recrystallization varying the amount of strain from 0.20 to 0.80 
 
The precipitation vs recrystallisation diagrams for the 0.25 strain, corresponding to deformation 
conditions of set 1 and 2, as well as the diagram for 0.40 strain per pass, considering for set 3 in 
double hit test are shown in Figure 6.5. The temperature at the intersection point of t0.05 and t0.05x 
can be considered the T5% because if the deformation temperature decreases, the precipitation of 
Nb(C,N) would start first. These precipitates pin the movement of dislocations and grain 
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boundaries producing that the restoration mechanism of recrystallization to be more difficult to 
take place. The same can be assumed for the complete recrystallization temperature, T95%, which 
corresponds to the temperature at the intersection of t0.05 and t0.95x.    
An increase in the amount of strain per deformation pass also increases the driving force for 
recrystallization. This is the reason that at higher strain levels, the lower T5%, it can also be noticed 
that the recrystallization starts earlier when high strain is applied at certain deformation 
temperature as this mechanism is a thermally activated process.  
  
 
Figure 6.5 Interaction of the precipitation-recrystallization curves calculated by the model for a) 
Set 1&2 ε= 0.25, b) ε= 0.30 and c) Set 3 ε= 0.40 
 
Figure 6.6 shows the T5% and T95% for different strain levels calculated with the empirical model. 
The temperature gradient for these two critical parameters, in the case of the steel evaluated in this 
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research, is around 35°C. This was first confirmed by the microstructural analysis of the double 
hit test, particularly on set 3, where the test that was done at 950°C shows elongated austenite 
grains with only 8% of recrystallization, while the test at deformation temperature of 980°C 
confirmed that the microstructure was completely recrystallized.  
 
 
Figure 6.6 Modelled T5% and T95% as a function of strain for the CP composition 
 
The empirical model is in good agreement with the experimentally measured recrystallisation 
fractions for single pass tests for the different sets of deformation conditions. According to the 
microstructure analysis, and recalling that set 1 and set 2 have the same amount of strain per 
deformation pass, T5% should be between 980°C and 950°C and the model predicts a temperature 
of 963°C. In case of set 3, the T5% for a single pass should be just below 950°C since, at this 
temperature, partial recrystallization of 17% was observed in the microstructure, for this set 
conditions, the model predicts 936°C. The effect of interpass time or holding time at deformation 




6.2. Designing a Thermomechanical Schedule for CP800 
 
The combination of a fine-grained and recrystallized austenite after the rough rolling process, 
following by further deformation of austenite below T5% during finishing rolling produce a large 
ratio of the area of austenite grain boundaries per unit volume, or large Sv. A large Sv indicates a 
suitable amount of nucleation sites for the subsequent phase transformation products, which also 
encourage the formation of fine transformed grains. 
As explained earlier, the TMP route for the CP transfer bar was designed from the entrance of 
the finishing mill. Once all critical processing temperatures were well defined, the first temperature 
to select in the TMP schedule is for the first pass on the finishing mill. 
The TMP route that makes the most of the chemical composition on mechanical properties 
would be by refining the austenite grain and also that the deformation in the finishing mill takes 
place in between T5%, to avoid austenite recrystallization [174], and Ar3 to avoid deformation of 
ferrite [67] or a phase different from austenite. Austenite has an FCC crystal structure and is more 
ductile than ferrite which has a BCC structure due to the close-packed lattice.  
There should be a balance of temperature when designing a TMP route for AHSS. If the 
designed temperature at the beginning of the finishing mill is too high, it would be complex to 
maintain the strip at high temperature without increasing the processing costs. The metallurgical 
disadvantage is that the austenite might recrystallize at higher temperatures. In contrary, if the 
deformation temperature in the first stand of finishing mill is too low, the demanded force in the 
mill to deform the slab will be higher, increasing the operational costs. Since there is a decrease in 
temperature in every deformation pass, the strip might start phase transformation by the last 
deformation pass in the finishing mill. This is not adequate because when the strip is deformed in 
the intercritical region temperature, the combination of phases in the microstructure causes diverse 
mechanical properties in different zones of the strip.   
The reheating temperature of the PSC specimens was 1150°C. This temperature was estimated 
from the transfer bar temperature when it was removed and quenched from the rolling mill. The 
deformation conditions of set 3 of double hit tests are representative of the first pass of the finishing 
mill in the industrial practice. For this reason, the first pass on the simulation of finishing rolling 
had the deformation conditions of the set 3.  
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It is expected that during the interpass time, the temperature of the strip decreases along with 
the driving force for recrystallization for the following passes. Besides, it is recommended that for 
the subsequent deformation passes, the equivalent strain applied per pass is reducing, and in 
consequence, the driving force for recrystallization also decreases. This would prevent the 
recrystallization process and the microstructure maintains the strain accumulation of each pass. 
The temperature in the last pass of the rolling mill should be higher than Ar3 to ensure austenite 
deformation. However, last pass temperature needs to be low enough to avoid static 
recrystallization before entering the runout table, although the mill force increases [175]. 
Ar3 is the temperature at which austenite starts to transform into ferrite during cooling. Although 
the dilatometer results suggest the temperature at the exit of the finishing mill should be at least 
the higher Ar3 found at a slow cooling rate, 755°C. This was verified by the simulation software 
and the empirical formulas, where Yuan’s [118] was the closest to the dilatometer results. 
However, the temperature of the last pass on the TMP design was selected to be in a range of 850-
830°C for different reasons. First, it is strongly recommended to deform the strip at the highest 
temperature possible to minimize the demanded force in the mill, and in turn, to reduce wear on 
the rolls. But at the same time, this temperature should be within the range to keep the metallurgical 
advantages of deformation. Then, in a tandem mill, the temperature difference in the strip from the 
entrance to the exit of the finishing mill rarely exceeds 150°C in a typical 6-stand configuration. 
This would also reassure that the deformation takes place in the austenite region.  
Even though the PAG microstructure is not completely elongated after the interpass time of the 
first pass of the finishing rolling (refer to Figure 5.16 B), the microstructure forms a full pancake-
like structure after the fourth pass of the TMP schedule. This is produced because the deformation 
temperature decreases after every pass. Complete non recrystallized structure is essential to obtain 
fine transformed products and homogeneous mechanical properties on the strip. The static 
restoration process happening during the 4 seconds between each rolling pass has an effect on the 
softening for the successive deformation pass. This is also an indicator that a considerable amount 
of Nb(C,N) precipitates are formed after the second deformation pass on. These precipitates 
prevent the restoration mechanisms to be completed during the interpass time, thus, the strain and 
work hardening are accumulated in the following passes. 
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The key challenge in the fabrication of CP microstructure is to design a worthy cooling strategy 
[35]. The cooling strategy is designed depending on the dimensions and capacity of the run-out 
table after finishing rolling. In this case, dilatometer and software simulations are useful to design 
the cooling strategy [113, 176].  
The desired phase volume fractions in the AHSS is obtained by designing a cooling strategy on 
the run-out table. Since a large Sv resulted after the deformation passes, the CCT curve would shift 
to the left, which enable the phase transformation to ferrite even while cooling at high cooling 
rates. This shift can be also related to the increase of the transformation start temperatures at 
equivalent cooling rates of deformed and non-deformed specimens [177, 178] and the increment 
in Gibbs energy of the austenite phase due to plastic deformation [179]. In order to get a 
considerable amount of bainite, which is a strong phase with greater ductility than martensite, it is 
recommended to hold the temperature for a short time at bainite transformation temperatures. It is 
worthy to point out that the CCT diagram showed in Figure 5.8 is no longer representative of the 
conditions got at the exit of the last deformation pass (refer to Figure 5.16 E). Therefore, a new 
CCT diagram needs to be calculated due to the smaller grain size as a consequence of the large Sv 
or the austenite pancake structure. The austenitisation temperature was 850°C as it is the 
temperature after the last deformation pass or the beginning of the cooling design, the grain size 
was estimated based on the distance between grain boundaries of the heavily deformed austenite, 
the average shortest distance corresponds to the perpendicular of the rolling direction. The 
estimation of the grain size for the calculation of the CCT diagram does not mean that the average 
austenitic grain size in the microstructure is 3µm. However, this value was measured as the average 
distance in the minor axis of the elongated austenite grains. The grain boundaries together with the 
high dislocation density and strain accumulation generate a large number of nucleation sites for 
new phases. The CCT diagram for the conditions after the last deformation pass is shown in Figure 
6.7, where the bainite region lies around 450-550°C. This CCT diagram predicts the austenite 
transformation to ferrite even at cooling rates as high as 100°C/s and that the martensite is only 




Figure 6.7 CCT diagram from JMatPro® for CP steel using the conditions after the last pass of 
the TMP schedule. Austenitisation temperature: 850°C, PAGS: 3 µm 
 
Zhou et al [180] designed a TMP schedule of the steel with composition 0.08C-1.8Mn-0.3Si-
0.2Ni-0.16Mo where the cooling strategies after deformation were a direct cooling after 
deformation and another was air cool to 600°C following by water quench. The later route presents 
better resistance performance but lower yield/UTS ratio, the matrix microstructure after this route 
consists of polygonal ferrite combined with lath bainite. Since the air cool from the exit of the mill 
to 600°C is not reasonable in the actual runout table due to the time required to reach that 
temperature, other cooling strategies were analysed that involves a rapid cool to bainite range 
temperatures, holding for a period at that temperature followed by quenching. Different studies 
have investigated the isothermal holding at bainite temperatures, Karelova et al [181] and Zi Yong 
et al [182] included the effect of the isothermal temperature, they found that the mechanical 
properties such as yield strength, tensile strength and hole expansion ratio are improved by 
lowering the isothermal holding temperature. This is in agreement with the SC1 and SC2 
specimens (550°C and 500°C isothermal temperatures, respectively) but differs from the SC3 and 
SC4. This can be explained since the measured cooling rate 1 in SC4 was lower (refer to Table 
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5.8) and favoured the ferrite transformation. The volume fraction of phases confirmed a higher 
amount of ferrite in SC4, which is also reflected in the mechanical properties in a greater 
elongation compared to SC3. 
 
6.2.1. Effect of TMP parameters on microstructure evolution 
 
The microstructural evolution in AHSS is affected by different factors such as the chemical 
composition, the initial microstructure and every parameter during TMP, such as the deformation 
temperature, strain, strain rates, interpass time, and the accelerated cooling process. The 
microstructural evolution analysis is beneficial to achieve the target on mechanical properties. Poor 
control of the TMP parameters implies considerable changes on the microstructure of steels and 
therefore, on the mechanical properties [183].  
Although the cooling strategy from austenite defines the final microstructure of the steel. The 
previous process, i.e., the controlled deformation schedule, together with the chemical 
composition, define the CCT diagram of the steel, allowing an appropriate design of the cooling 
strategy. The control of the microstructure evolution during TMP involves the strain accumulation, 
and depending on the selected parameters, can be followed by the recovery or rearrangement and 
annihilation of dislocations, recrystallization and grain growth [184]. 
As explained earlier for the T5% evaluation, the deformation temperature and the applied strain 
have a strong influence on the austenite microstructure evolution. One way to decrease T5% is by 
increasing the strain per pass, as can be observed by comparing the double hit tests of set 2 and set 
3. This is because more energy is being supplied to the material and the conditions become 
preferable to start the process of any restoration mechanism or recrystallization. The range 
temperature between T5% and T95% becomes narrow and can be as close as 30°C for the 
deformation conditions of set 3 [120]. Figure 6.8 shows schematically the effect of the deformation 
temperature together with the amount of strain at different interpass times on the austenite grain 
shape. Dash lines represent the sets of double hit deformation conditions. When the deformation 
takes place at low temperature and a small amount of strain, the austenite grains show a completely 
non-recrystallized structure and the shape of grains becomes elongated or pancake-like. As energy 
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is added to the steel, either thermal or mechanical, the driving force for recrystallization increases. 
Naturally, the complete suppression of recrystallization is reached, where new grains begin to 
form. The microstructure by then, evolve with the new grains and consists of a combined 
microstructure of recrystallized and elongated austenite grains, also described as partial 
recrystallization structure. Finally, when the austenite microstructure evolution contains fully 
recrystallized grains after a deformation pass, indicates that the deformation parameters exceeded 
the initial suppression of recrystallization and that the deformation took place at high temperature 
and/or high amount of strain. 
This analogy not only applies for the estimation of T5%, but it can also be employed on the 
different stages of the TMP schedule where deformation is applied.  
The equivalent diagram corresponding to the steel composition and deformation conditions 
evaluated in this study was presented in Figure 6.6, which was calculated with the simulation 
model and validated by the microstructure observations. 
 
 
Figure 6.8 Schematic austenite microstructures as a function of the processing parameters such as 
deformation temperature, amount of strain and the interpass time. Figure adapted from [31] 
 
T5% can vary from different chemical compositions in steels, but also T5% is dependant of the 
processing parameters, the higher the strain, the lower the temperature required to initiate the 
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recrystallization. The interpass time between the passes will also affect T5%. As mentioned above, 
recrystallization and precipitation are competing mechanisms which might nucleate when the steel 
is subjected to thermomechanical processing. The predominant mechanism or the first mechanism 
to arise is defined by the processing parameters. Although the present thesis studied a single steel 
chemical composition, the alloying elements also interact with this critical temperature, especially 
the carbide formation elements such as Niobium. The higher content of Nb, the higher T5% [185].  
With such short interpass times, where the nucleation of precipitates was not achievable, there 
would be no mechanism to prevent the recrystallization to start [186]. This leads to a decrease of 
T5% for short interpass time. On the contrary, if the interpass time is long enough for the nucleation 
and formation of fine precipitates, these precipitates would pin the austenite grain boundaries 
retarding the recrystallization mechanism to start. This conducts to an increase of T5% for interpass 
time longer than the precipitation start time. After the nucleation and formation of fine precipitates, 
T5% remains practically constant until the precipitates coarse and weaken the grain boundaries 
movement, meaning that recrystallization is favoured and T5% decreases [187-189].  
The calculated precipitation start time for the deformation conditions after the first pass on the 
TMP schedule is in the order of 0.8 seconds as can be observed in Figure 6.5c). However, the 
interpass time designed was 4 seconds, which is representative of the actual interpass time in a 
finishing tandem mill. This means that there was more than enough time before the second 
deformation pass for the fine precipitates to form. As an example, if the interpass time between 
the first and the second pass is increased to 20 seconds, maintaining at the deformation 
temperature, the dominant mechanism in the microstructure evolution might change since the 
longer interpass time allows the dislocations to move and initiate the static recovery followed by 
static recrystallization. Furthermore, as explained in the previous paragraph, the precipitates would 
limit their function of retarding recrystallization by the possible coarsening during this longer 
period after the deformation. This would cause that the austenite microstructure just before the 
second pass on the TMP schedule consists of partial recrystallization, which is not recommended 
for the development of AHSS microstructure.   
Another analogy of the effect of interpass time on T5% is that when the interpass time of a double 
hit test is shortened, that is the case of deformation conditions of set 3, the flow stress behaviour 
on the second pass would have a trend similar to the single pass test at the equivalent strain. Hence, 
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the overall softening percentage decreases for the second pass and the driving force for 
recrystallization would not be enough for the restoration process to take place [30, 31, 190]. 
Therefore, T5% increases by shortening the interpass time.    
Although the effect of the strain rate was not evaluated in the present thesis, it is well reported 
that at higher strain rates, the flow stress increases [191]. Consequently, at higher strain rates, the 
chances for dynamic recovery are reduced since the time during deformation is less. Also, the 
austenite is more likely to present a work-hardened behaviour, indicating that for those 
deformation conditions the driving force for static recrystallization increases for the subsequent 
pass. Because of this, the static recrystallization does not require additional energy to carry on, and 
thus, it can be considered that T5% has decreased [188, 192].     
Dilatometry testing reveals that cooling rate has a strong influence on Ar3 during the austenite 
to ferrite transformation. The results indicate that a higher cooling rates the lower the Ar3 
temperature, and that at slower cooling rates, the Ar3 approaches to the equilibrium A3 temperature. 
This parameter can determine whether ferrite is able to form during the microstructural evolution 
on the TMP. 
The cooling rate applied during the runout table in a thermomechanical processed steel impacts 
in the mechanical behaviour and volumetric fraction of phases [193]. As the cooling rate increases, 
martensite is more likely to form. Due to martensite is a hard and brittle phase, the higher amount 
of martensite increases the overall strength, but the ductility is reduced. This trend is associated 
with the generation of local dislocations introduced by the shear deformation during martensitic 
transformation, together with the carbon supersaturation in martensite [194].  
Increasing the strength by higher cooling rates suggests that higher energy is required for 
dislocation movement. Therefore, the first fast cooling on the runout table after the last pass on the 
finishing rolling prevents the recovery mechanism to take place, resulting in a high dislocation 
density in the final microstructure [195, 196].  
The condition of the strip at the exit of the finishing mill exhibits a heavily deformed austenite 
microstructure with a high Sv. At this stage, there are several nucleation sites for ferrite, thus, this 
phase is capable to nucleate even at fast cooling rates as can be observed in the CCT diagram in 
Figure 6.7. High cooling rates are advantageous for increasing the strength since the interstitial 
elements have less time for diffusion and limit the ferrite grain size. In addition, the high cooling 
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rates reduce the time that the strip stays on the cooling table, which makes a more efficient process. 
The step cooling in the runout table intents to transform a higher amount of bainite which also 
provides strength to the steel. Figure 6.9 shows a simulation of the volume fraction and mechanical 
properties according to JMatPro® software using the actual temperature measurements in the TMP 
machine during the cooling strategy of SC3. This simulation is based on the conditions described 
for the CCT diagram in Figure 6.7. During cooling, ferrite starts to form at around 755°C, while 
less than 0.5% of the bainite volume fraction starts at 580°C, but then, during the isothermal 
holding time at bainite region temperature (550°C), the remaining austenite in the microstructure 
is transformed into bainite. It can also be observed that the tensile strength significantly increases 
when increasing the amount of bainite. The different cooling strategies evaluated at the exit of the 
finishing mill were also simulated in the JMatPro® software, and the prediction of volumetric 
fraction of phases with the expected mechanical properties is shown in Table 6.1. According to 
the software, none of the cooling patterns led to a martensitic transformation. This might be 
because the isothermal holding time is long enough to transform all the remaining austenite into 
bainite. The prediction of mechanical properties by JMatPro® does not agree with the measured 
values of UTS in the tensile tests. JMatPro® foresees the mechanical properties based on the 
holding isothermal temperature of the step cooling since SC2, SC4 and SC5 expect the same 
mechanical properties despite their differences in the TMP route. Regarding SC1 and SC3, lower 
stresses are expected due to the higher temperature in the isothermal holding time. The small 
variation in tensile stress in SC1 and SC3 may be due to the difference in the cooling rate 1. 
Furthermore, the computed phase distribution and mechanical properties for SC4 and SC5 is 
identical, which is not reliable due to their differences in the isothermal holding time. As it was 
previously presented, in the actual tensile tests of SC4 and SC5, there is a great difference in the 
YS caused by the longer isothermal holding time in SC5 despite having the same deformation 
route. 
Hairer et al [197] studied the microstructure development of a CP800 by varying the cooling 
rates on the runout table after the finishing rolling mill. They conclude that the hardness increases 




Figure 6.9 JMatPro® simulation of the evolution of austenite decomposition and mechanical 
properties following the cooling strategy of SC3 
 
Table 6.1 Volume fraction and mechanical properties prediction based on the different cooling 
strategies after the finishing rolling. Calculations made by JMatPro® software 
Cooling 
strategy 
Volume fraction (%) 
Mechanical 
properties (MPa) 





SC1 0 85.4 15.5 0 667 910 
SC2 0 87.7 12.3 0 672 921 
SC3 0 94.6 5.4 0 665 913 
SC4 0 85 15 0 672 921 
SC5 0 85 15 0 672 921 
 
 
Since the tensile specimens were obtained from the PSC specimens to evaluate the mechanical 
properties developed by the different TMP schedules, the measured percentage of elongation 
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cannot be comparable with the ASTM standard for tensile tests due to the variances in the gauge 
length and cross-sectional dimensions of the specimens, even for the sub-size standard. However, 
for this analysis, the percentage of reduction of area (%RA) is more relevant since the ductility 
measured by this parameter is not dependant on the dimensions of the specimen [198]. Since the 
%RA is not considered as a property of the material but only a characterization of the conditions 
of the tests, there is no specific range of %RA for the different CP steel grades. However, this 
parameter has been reported by other authors for the CP800 with similar testing conditions and 
specimen dimensions to this work. Nikky et al [199] reported a reduction of area of 69% in a 
CP800 tested over the rolling direction in a sub size specimen with 2.9 mm thickness, the UTS 
reached 810 MPa and a total elongation of 19.6% in a 25 mm gauge length. The microstructure 
consisted only of ferrite and bainite with a small amount, between 1 and 2%, of martensite. The 
gauge length used in Nikky’s work is longer than the one used in the present thesis, and because 
of that, the elongation percentage cannot be compared. However, the UTS and %RA correspond 
to the properties got after the TMP simulation of SC1 route. Another study presented by Singh et 
al [200] used a CP800 steel sheet for tensile tests specimens with 2 mm thickness and 4 mm width, 
using a gauge length of 10 mm. These specimen dimensions are very close to the testing in this 
thesis, which had a theoretical initial cross-sectional area of 6 mm2, where the thickness had 3 mm 
and 2 mm of width. Singh et al [200] and Cadoni et al [201] reported a UTS of 872 MPa, YS of 
685 MPa, total elongation of 15.48% and the reduction on the cross-sectional area of 45.53% at a 
low strain rate tensile test. These mechanical properties totally match with those obtained from the 
SC3 TMP route design. 
It is well known that the final microstructure of steel depends not only on the chemical 
composition but mainly on the TMP route to which the steel was exposed. The mechanical 
properties at a macro scale are strongly related to the microstructure, i.e., the shape, size, volume 
fraction and dispersion of every constituent or phase on the microstructure. Figure 6.10 shows the 
correlation of the volume fraction of phases with the mechanical properties that were developed 
according to each evaluated TMP route. This correlation considered that martensite and bainitic 
ferrite (lower X-axis) are the transformed products that provide strength to the steel (UTS in the 
left Y-axis), while polygonal ferrite with the slight presence of retained austenite (upper X-axis) 
increase the ductility (%RA in right Y-axis).  
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Normally, ductility in AHSS is reduced as strength increases [202]. Such is the case of the SC3 
and SC2, which obtained the greatest strength resistance, but at the same time, these specimens 
obtained the least ductility. On the other hand, samples SC4 and SC5 presented the lowest UTS, 
which was unexpected since the last pass temperature on the TMP schedule were lower (830°C) 
than the rest of the specimens. In the case of SC4, the actual cooling rate 1, corresponding to the 
range from the last pass temperature and the isothermal temperature, was slower compared to the 
cooling rate 1 of the rest of the specimens. This allowed the generation of a greater amount of 
ferrite, and consequently, a lower UTS. However, this cooling rate 1 has no effect on the yield 
stress since SC4 exhibited the highest yield stress of all the specimens due to the last pass was 
carried out at a lower temperature. 
 
 
Figure 6.10 Correlation between volume fraction of phases with the mechanical properties 




The longer isothermal holding time during cooling not necessarily results in a higher amount of 
bainitic ferrite, but it clearly acts as tempering heat treatment. The SC5 specimen had the longest 
isotherm time and have achieved volumetric fractions similar to other routes with a shorter holding 
time such as the SC2. However, the mechanical properties evidence that there was a decrease in 
UTS and increase in elongation even though the last deformation pass on SC2 was performed at a 
higher temperature. This is a consequence of the softening mechanisms and relaxation of residual 
stresses that were caused by the longer period at high temperature. Respective to the microstructure 
observation, SC5 specimen shows the cleanest structure in terms of dislocation density and 
complex substructure in the deformation bands. Despite the same total amount of strain, there are 
less low angle grain boundaries in the distribution of microstructure. The isothermal temperature 
in the bainite region can lead to different morphologies of bainite, mainly the lath type bainite for 
lower isothermal temperature and the granular bainite for higher isothermal temperature [203]. 
One parameter to evaluate the efficacy of a TMP route on the improvement of mechanical 
properties in an AHSS is the product of the UTS by %RA. SC1 shows the highest value of 52,183, 
as shown in Figure 6.11. This specimen has a moderate UTS resistance but the highest ductility 
due to its high content of polygonal ferrite combined with fine grains. Despite SC3 has the highest 
UTS resistance, its factors generate the lowest UTS-%RA ratio, which makes it not to be the best 




Figure 6.11 UTS by %RA product of the specimens subjected to the different TMP schedules 
 
 
6.3. Comparison of Laboratory simulation vs Industrial TMP Schedule 
 
 
Further academic research on TMP for industrial applications is essential for the improvement of 
technology or the development of new products. This can be achieved by using laboratory 
techniques capable of replicating the industrial processing conditions in a hot rolling mill [174]. 
These techniques are indispensable to understand the processing parameters and their effect on the 
microstructure evolution during specific deformation strategies. 
Due to the metallurgical complexity of AHSSs, sometimes it is not viable to roll all AHSS 
grades in a rolling mill with the same rolling technology due to the capability of the mill. 
It has been demonstrated that deformation conditions experienced during plate and strip steel 
hot rolling can be replicated by the plane strain compression testing [125, 127, 204].  PSC testing 
is commonly used to generate material property data for the conditions encountered in a hot rolling 
mill. To investigate the potential microstructure development on the chemical composition in the 
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present thesis, the selection of processing parameters for laboratory testing slightly differs from 
the industrial process. Figure 6.12 shows a general schematic representation of a full TMP route 
at an industrial mill, covering from the reheating of the slab to the coiling of the strip (refer also to 
Figure 3.7). Figure 4.13 shows the designed deformation passes for laboratory simulation of the 
finishing rolling mill. 
 
 
Figure 6.12 General full TMP processing of steel in an industrial mill 
 
1.- Reheating slab at a temperature between 1200°C and 1300°C for 1-2 hours. 
2.- Scale breaker. 
3.- Entrance to the reversible mill for 5 passes of rough rolling above T95% with long interpass time 
and a typical total strain from 1.6 to 2. 
4.- Coil box & crop. 
5.- Entrance to the finishing tandem mill to carry out 6 passes below T5% with short and variable 
interpass times. Typical total strain from 1.7 to 2.3 
6.- Entrance to the runout table. Cooling strategies are variable. 
7. Coiling of the strip from 300°C to 650°C, followed by a very slow cooling rate. 
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The main differences in the deformation parameters between the industrial process and the TMP 
routes evaluated in the laboratory are described below. 
First, the total strain was limited by the dimensional restriction of the thickness on PSC 
specimens. Also, the designed TMP route consisted of fewer deformation passes trying to maintain 
the ratio of strain accumulation per pass that is normally generated in the industrial mill.   
Then, in the simulation of the finishing passes on the laboratory TMP machine, the interpass 
time between the 4 passes remained constant. This is unreal in the actual mill since the reduction 
on every stand will enlarge the strip in the longitudinal direction, causing an increasing strip speed 
in the mill after every deformation pass. Since the distance between each deformation stand of the 
finishing mill is constant, the interpass time decreases after each subsequent pass. This also affects 
the strain rate in every pass. In the industrial practice, the strain rate increases after each pass and 
generally it is in a range from 1 to 40 s-1. In the laboratory simulation, the effect of strain rate was 
not considered, so it remained constant for each pass to simplify the analysis of microstructure 
evolution. As explained earlier, T5% increases when shortening the interpass time, but actually, the 
deformation temperature decreases after every pass because of the heat transfer to the environment. 
None of these factors in the processing contributes to increase the driving force for 
recrystallization. This causes strain accumulation and heavily deformed austenite with great Sv, 
which is considered the ideal austenite microstructure at the start of the runout table.    
The thickness of the PSC specimen after deformation of the complete TMP schedule is 3 mm, 
while in strips is normally lower. This concerns that transformation products could be different at 
the centre and the surface of the specimen, as the centre had completely pancake structure while 
the equiaxed PAG are present at the surface due to the equivalent strain in the PSC specimens, that 
is mainly distributed at the centre, as shown in Figure 6.13. The phase transformation product, near 
the top and bottom of the PSC specimen and out of the deformation zone (where the tools of the 
TMP machine made contact with the specimen) is more likely to form only martensite at the 
cooling rates experienced in the simulation of runout table because of the effect of grain shape and 
size that modifies the CCT diagram. This can be observed in the microstructures in Figure 6.14 
taken at the top, centre, and bottom of the PSC specimen. Considering a larger amount of strain 
during the industrial practice in the finishing rolling, the austenite microstructure would be more 
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homogeneous throughout the strip thickness and also, there would be a greater Sv, which might 
increase the final tensile strength. 
The width of the strip is another factor to consider when designing the TMP schedule at 
industrial scale due to the force required in the motors of the mill to deform the slab. This force is 
mainly dependant of the deformation temperature of the steel. As has already been proved, this 
parameter has a strong impact on the development of microstructure evolution during TMP. 
 
 
Figure 6.13 Equivalent strain distribution after the PSC deformation observed in the longitudinal 
direction. Microstructure near the top and bottom surfaces exhibit more equiaxial austenite grains 





Figure 6.14 Microstructure observation at a) top and c) bottom near the surface of the PSC 








The TMP technology enabled to develop features of a CP800 steel grade from the as-received 
composition and microstructure. This type of steel is classified in the AHSS family, and its main 
application goes to the automotive industry for components where a great combination of high 
strength and high ductility is required.  
The designed TMP consisted of the finishing rolling simulation to take place at deformation 
conditions below T5%. The austenite microstructure evolution involved strain accumulation from 
each deformation pass to form deformation bands with high dislocation density before the phase 
transformation. This was followed by different cooling strategies that varied the volume fraction 
of phases. In general, this conditioning of austenite implies a heavy deformation at a temperature 
where there may be a minimum recovery but no recrystallisation, which upon phase transformation 
produces a fine and homogeneous microstructure. This leads to mechanical properties in tensile 
tests at room temperature ranging from 780 to 880 MPa in UTS, and 44% to 64% in reduction of 
area. 
 
1. Laboratory studies demonstrated that the strict control of parameters during the TMP is vital. 
A slight variation on the TMP schedule implies considerable changes in the final 
microstructure and therefore, in the mechanical properties. This may cause a downgrade of 
the alloy or the alloy may be classified in a different category of steels. 
 
2. The chemical composition of a steel is not exclusive for a specific AHSS grade. The TMP 
route will define the final microstructure. The microalloying elements give the advantage to 
properly design a TMP route and to encourage the development of the required microstructure 
using the range of processing parameters available in the actual hot rolling mill facility.  
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3. According to the TMP analysis, it is not mandatory to avoid the deformation at conditions that 
lead to a partial recrystallized structure in the first pass of the finishing rolling. This condition 
can be considered as long as the following passes allow the strain accumulation to develop a 
completely elongated austenite microstructure at the end of finishing rolling. The advantage 
of this is that the strip can be deformed at a higher temperature, which considerably reduces 
the demanded force in the mill. However, this could generate fewer nucleation sites that might 
change the final microstructure during the controlled cooling process on the runout table. 
 
4. A consistent agreement was found on the characterization techniques for the microstructures 
after the controlled TMP schedules. The analysis of EBSD for identification of phases was 
validated by the observation of these constituents in the electron microscopes and their 
nanohardness values got in the AFM studies.  
 
5. All TMP schedules in this work developed fine microstructures by the effect of the finishing 
hot rolling below T5% and proper cooling strategy design. This resulted, only by TMP, in an 
improvement in the strength-ductility balance for this steel composition as a hot rolled 
product, i.e., without the need for cold rolling to achieve the same strength levels. 
 
6. The recrystallization-stop temperature (T5%) is highly influenced by the processing 
parameters. T5% decreases by different factors such as increasing the amount of strain and/or 
strain rate. It also decreases by maintaining long interpass times. The temperature gradient 
between T5% and T95% can be as low as 30°C for high strain deformations. 
 
7. Analysis of PAG microstructures is the most trustful method to detect the presence of 
recrystallization after a deformation pass. The fraction softening analysis gives a hint of which 
type of austenite structure is present at certain deformation conditions. This is done without 
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the need to crop part of the strip to follow the metallographic preparation and analyse the 
microstructure. 
 
8. The deformation parameters impact on the microstructure at the exit of the finishing mill, 
which is an important factor to design the cooling strategy. The nucleation sites for ferrite 
transformation increase with the austenite grain boundaries closer to each other. This allows 
the formation of the CP microstructure even at high cooling rates, leading to a more efficient 
cooling process in the runout table due to the relatively shot times needed for transformations.  
 
9. The step cooling during the controlled cooling is the most convenient strategy, not only for a 
metallurgical point of view but also for productivity efficiency. However, the isothermal step 
temperature and time in the cooling strategy need to be carefully selected as they alter the 
microstructural evolution. This way, the transformation of an appropriate volume fraction of 
bainitic ferrite can be achieved by applying fast cooling rates. Otherwise, slow cooling rates 
cause longer times in the runout table but also, a restoration mechanism is more likely to begin. 
Therefore, the final tensile strength is adversely affected although the final product would be 
more ductile. 
 
10. From the evaluated TMP routes, the highest UTS consisted in the last pass deformation at low 
temperature followed by a fast cooling rate to the isothermal step at 550°C, which is in the 
upper region of the bainite transformation in the CCT diagram. Though, this specimen had the 
lowest ductility. By the opposite, the specimen with the highest ductility was subjected to the 
low last pass temperature and the longest isothermal holding period at 500°C. This specimen 
presented the lowest UTS of the specimens. However, the greatest combination of strength 
and ductility were developed by the last pass deformation at 850°C and the isothermal step 
cooling at 550°C.  
140 
 




This chapter discusses some suggestions and considerations for future work in the study of the 
development of microstructures and mechanical properties of AHSS for automotive applications. 
After the analysis of the results in this thesis, if my doctoral studies could extend for a longer time, 
I would have liked to perform tests to simulate the coiling process. This implies a slow and 
controlled cooling rate after the step cooling on the runout table. I would not expect a radical 
change in phase volume fraction during this process. However, this heat treatment would play as 
a tempering process, and consequently, the final mechanical properties of the strip would be 
altered. 
Once the complete process has been simulated in the laboratory with success on the 
development of desired microstructure and mechanical properties, the need to scale the TMP 
strategy to an industrial level will be the next challenge. The capacity of the steel plant must be 
considered and the TMP schedule should be designed with a more flexible range of deformation 
parameters since, most of the time, it is more difficult to have a homogeneous control of the 
parameters throughout the entire strip during the TMP. 
Another aspect to consider for a future work that has not been considered in this thesis is that 
some specifications for certain AHSS grades for automotive applications require the hole 
expansion testing, which could be significantly useful to validate the quality and functionality of 
the steel grade developed through a specific TMP route. 
Finally, as a recommendation for future studies on TMP route designs at laboratory scale for 
different grades of AHSS is that the entire process, from the reheating of slabs and rough rolling, 
could be simulated with larger specimens that can support the total strain with a more 
representative number of passes to the actual process. Although some works have simulated this 
using torsion instead of plane strain compression, heading to a further study in the comparison of 
the two techniques, involving the mechanical performance and the development of 
microstructures. Simulations of the entire TMP can lead to an optimization of the rough rolling 
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deformation, which according to literature, the ideal roughing condition is to refine the austenitic 
grain by recrystallization, but at the same time, to nucleate fine niobium precipitates to delay 
recrystallization in the next stage, i.e., the finishing rolling. Furthermore, the time between 
roughing and finishing rolling should not be as long to prevent the precipitates to grow, and that 
their effect on recrystallization delay to be negatively affected. As studied in this work, the 
finishing rolling should always be carried out below the processing conditions to avoid 
recrystallization and increase the Sv. The cooling strategy on the runout table must be designed 
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APPENDIX I  
Microstructures by Electron Microscopy 
 
More of the metallography’s of the specimens subjected to the simulation of finishing rolling 
followed by a controlled cooling are presented in this appendix. The conditions of the processing 
parameters are detailed in Table AI.1. These metallography’s were generated with both 
transmission and scanning electron microscopy equipment and are a complement of Section 5.5 of 
this thesis. 
The general microstructure of these CP steels shows a ferrite and bainite matrix, and some 
martensitic islands can also be observed. The fine grain size in all specimens was the result of the 
strain accumulation in the deformation passes prior to controlled cooling. These images represent 
different areas of the specimen, always within the strain zone at different magnifications. 
Table AI.1   Strategies to obtain CP microstructure during the thermomechanical processing 
Specimen Description 
Quench Last deformation pass at 850°C, immediately quench after the fourth pass 
SC1 Last deformation pass at 850°C, step cooling at 550 °C for 13 seconds 
SC2 Last deformation pass at 850°C, step cooling at 500 °C for 13 seconds 
SC3 Last deformation pass at 830°C, step cooling at 550 °C for 13 seconds 
SC4 Last deformation pass at 830°C, step cooling at 500 °C for 13 seconds 
SC5 Last deformation pass at 830°C, step cooling at 500 °C for 60 seconds 
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AI.1.   SC1 
AI.1a.   SC1 Secondary electrons  
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AI.2    SC2 














AI.3   SC3  




AI.3b.   SC3 TEM thin foil 
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AI.4   SC4 
 











AI.5.   SC5 








AI.6    Quench 
AI.6a.   Quench Secondary electrons  
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APPENDIX II  
Electron Backscattered Diffraction 
Mapping 
 
The microstructure, the proportion and distribution of the phases in steel are associated with its 
mechanical properties. EBSD is a very useful technique to identify and quantify the phases that 
are present in the microstructure. CP steels microstructure generally consist of a combination of 
ferrite, bainite, and martensite, and under certain conditions, relatively small amounts of retained 
austenite may be present in the steel.  
The EBSD maps presented next were constructed to identify and quantify the phases in each of 
the specimens that followed the full designed TMP route. The procedure to follow was explained 
in detail in Section 5.5 of this thesis, and consists of phase segmentation based on the crystal 
structure detected by the EBSD system, the grain averaged band contrast map, the grain orientation 
spread filter and also the aspect ratio of the grains. The criteria to define a grain was a 
misorientation angle greater than or equal to 5° and that the minimum area of a grain must be 
























































































EBSD maps from Quench after the fourth pass (continued) 
 
 
 
 
